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QAISERHAYAT 
Abstract of the thesis, submitted to Aligarh Muslim University, Aligarh, India, for the 
degree of Doctor of Philosophy in Botany, 2010. 
Six pot experiments were conducted, during 2007-2009 to elucidate the effect 
of exogenous proline and/or salicylic acid on the cadmium (Cd) induced changes in 
chickpea {Cicer arietinum L. cv.Avarodhi). Cadmium was supplemented through soil 
whereas, proline and salicylic acid was applied as a foliar spray. The salient features 
of each of the six experiments are mentioned below. 
Experiment 1 
This experiment was prepared to study the effect of varying doses of cadmium 
on chickpea. At the start of the experiment, each set of pots was supplemented with 
different doses (0, 25, 50 or 100 mg per kg of soil) of Cd in the form of CdCb. The 
surface sterilized seeds were inoculated with a uniform layer of Rhizobium ciceri and 
were sown in these earthen pots (25 x 25 cm) filled with sandy loam soil mixed with 
farmyard manure, in a ratio of 6:1. A uniform basal dose of inorganic fertilizers (urea, 
single superphosphate and muriate of potash) were added at the rate of 40 mg, 138 mg 
and 26 mg respectively, per kg of the soil to each pot to maintain the fertility of soil. 
The pots were arranged in a randomized block design technique, in the net house of 
Department of Botany, Aligarh Muslim University, Aligarh. The plant samples were 
collected at 60 and 90 days after sowing (DAS) to assess various growth 
characteristics, nodulation, various enzyme activities viz. nitrogenase, glutamine 
synthetase, glutamate synthase, glutamate dehydrogenase, nitrate reductase, carbonic 
anhydrase, catalase, peroxidase and superoxide dismutase, photosynthetic attributes, 
contents of proline, carbohydrate and nitrogen and leaf water potential. All the above 
parameters except antioxidative enzyme activities and proline content, showed a 
significant decrease in response to the Cd treatment where maximum damage was 
caused at a Cd concentration of 100 mg per kg of soil. However, Cd treatment 
resulted in a significant increase in the activity of antioxidative enzymes (catalase, 
peroxidase and superoxide dismutase) and proline content. The values further 
increased with the increasing concentration of metal. 
Experiment 2 
This experiment was prepared with an aim to study the effect of different 
concentrations (0, 10, 20, 30, 40 or 50 mM) of proline on chickpea. All the 
agricultural practices including the dosage of inorganic fertilizers were same as in 
Experiment 1. At the stage of 30 DAS, the resulting plants were sprayed with double 
distilled water (DDW) serve as control, 10 mM, 20 mM, 30 mM, 40 mM or 50 mM of 
proline. The plant samples were collected at 60 and 90 DAS to assess various growth 
characteristics, nodulation, various enzyme activities viz. nitrogenase, glutamine 
synthetase, glutamate synthase, glutamate dehydrogenase, nitrate reductase, carbonic 
anhydrase, catalase, peroxidase and superoxide dismutase, photosynthetic attributes, 
contents of proline, carbohydrate and nitrogen and leaf water potential. Out of the 
various concentrations of proline tested, lower concentration (20 mM) proved to be 
most effective. All the above parameters experienced a significant increase imder the 
influence of the exogenous application of 20 mM proline. 
Experiment 3 
This experiment was prepared with an objective to study the effect of different 
concentrations (10"^ , 10"^  or 10"^  M) of salicylic acid (SA) on chickpea. All the 
agricultural practices including the dosage of inorganic fertilizers were same as in 
Experiment 1. At the stage of 30 DAS, the resulting plants were sprayed with DDW 
(control), 10"^  M, 10"^  M or 10"^  M of SA. The plant samples were collected at 60 and 
90 DAS to assess various growth characteristics, nodulation, various enzyme 
activities viz. nitrogenase, glutamine synthetase, glutamate synthase, glutamate 
dehydrogenase, nitrate reductase, carbonic anhydrase, catalase, peroxidase and 
superoxide dismutase, photosynthetic attributes, contents of proline, carbohydrate and 
nitrogen and leaf water potential. Out of the various concentrations of SA, lower 
concentration (10"^  M) proved to be the best resulting in a significant increase in the 
aforesaid parameters. 
Experiment 4 
This experiment was prepared with an objective to elucidate the effect of 
exogenous proline on the Cd induced changes in chickpea. At the start of this 
experiment, five sets of earthen pots (25x 25 cm) were filled with an equal quantity of 
sandy loam soil mixed with farmyard manure, in a ratio of 6:1. All the agricultural 
practices including the dosage of inorganic fertilizers were same as in Experiment 1. 
Out of these five sets of prepared pots, four sets were supplemented with different 
doses (0, 25, 50 or 100 mg per kg of soil) of Cd, respectively and one set of pots was 
left untreated serving as control. At the stage of 30 DAS, the foliage of the resulting 
plants was sprayed with 20 mM proline, except control which received DDW instead 
of proline. The plant samples were collected at 60 and 90 DAS to assess various 
growth characteristics, nodulation, various enzyme activities viz. nitrogenase. 
glutamine synthetase, glutamate synthase, glutamate dehydrogenase, nitrate reductase, 
carbonic anhydrase, catalase, peroxidase and superoxide dismutase, photosynthetic 
attributes, contents of proline, carbohydrate and nitrogen and leaf water potential. The 
exogenous application of 20 mM proline alleviated the adverse effects generated by 
Cd (25 or 50 mg per kg of soil) which was expressed in terms of the increase in 
aforesaid parameters. The mature plants were harvested after 150 DAS to assess the 
yield characteristics. The exogenous proline treatment proved to be beneficial in 
improving the yield characteristics of the plants exposed to Cd stress of 25 or 50 mg 
per kg soil. 
Experiment 5 
This experiment was prepared with an objective to elucidate the effect of 
exogenous SA on the Cd induced changes in chickpea. At the start of this experiment, 
five sets of earthen pots (25x 25 cm) were filled with an equal quantity of sandy loam 
soil mixed with farmyard manure, in a ratio of 6:1. Out of these five sets of pots, four 
sets were supplemented with different doses (0, 25, 50 or 100 mg per kg of soil) of 
Cd, respectively while one set was left untreated, serving as control. At the stage of 30 
DAS, the foliage of the resulting plants was sprayed with 10"^  M of SA, except the 
control set which received DDW instead of SA. The plant samples were collected at 
60 and 90 DAS to assess various growth characteristics, nodulation, various enzyme 
activities viz. nitrogenase, glutamine synthetase, glutamate synthase, glutamate 
dehydrogenase, nitrate reductase, carbonic anhydrase, catalase, peroxidase and 
superoxide dismutase, photosynthetic attributes, contents of proline, carbohydrate and 
nitrogen and leaf water potential. The exogenous application of 10"^  M of SA 
completely alleviated the adverse effects generated by Cd and resulted in an increase 
in the above mentioned parameters over their respective controls. The plants 
were 
harvested after 150 DAS to assess the various yield characteristics. The SA treatment 
completely alleviated the ill effects generated by Cd and resulted in a significant 
increase in yield characteristics as well. 
Experiment 6 
This experiment was prepared with an objective to elucidate the interactive 
effect of the exogenous application of proline (20 mM) and SA (10"^  M) on" the Cd 
induced changes in chickpea. At the start of this experiment, five sets of earthen pots 
(25 X 25 cm) were filled with an equal quantity of sandy loam soil mixed with 
farmyard manure, in a ratio of 6:1. All the agricultural practices including the dosage 
of inorganic fertilizers were same as in Experiment 1. Out of these five sets of 
prepared pots, four sets were supplemented with different doses (0, 25, 50 or 100 mg 
per kg of soil) of Cd, respectively while one set was left untreated, serving as control. 
At the stage of 29 DAS, the foliage of the resulting plants was sprayed with 20 mM 
proline, except the control set which received DDW instead of proline and at 30 DAS 
the plants were sprayed with 10'^  M of SA, except the control set which received 
DDW instead of SA. The plant samples were collected at 60 and 90 DAS to assess 
various growth characteristics, nodulation, various enzyme activities viz. nitrogenase, 
glutamine synthetase, glutamate synthase, glutamate dehydrogenase, nitrate reductase, 
carbonic anhydrase, catalase, peroxidase and superoxide dismutase, photosynthetic 
attributes, contents of proline, carbohydrate and nitrogen and leaf water potential. The 
exogenous application of 20 mM proline and 10'^  M of SA exerted an additive effect 
and completely alleviated the adverse effects generated by Cd resulting in a 
significant increase in the above mentioned parameters. The increase was also 
expressed in the yield characteristics of the plants at harvest (150 DAS). 
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Chapter - 1 
INTRODUCTION 
INTRODUCTION 
Cicer arietinum (chickpea) is an edible legume of the family Fabaceae. The 
plant is erect or spreading, much branched, and an annual herb that attains a height of 
about 30-50 cm. The plant body is covered all over with glandular hair which is rich 
in both oxalic acid and malic acid. The leaves are pinnately compound with 9-17, 
opposite or alternate, stipulate and strongly veined leaflets. The flowers are 
papilionaceous, varying in shades from white to pink or blue. The pods bear one or 
two round or semi-round, wrinkled or semi-wrinkled exalbuminous seeds. Chickpea is 
widely distributed in North Africa, Ethiopia and in the East Mediterranean region to 
central Asia. In India, Chickpea is commonly known as gram and is extensively 
cultivated as a winter (October-March) crop throughout the country, especially in 
northern states. However, severe cold and frost are injurious to it, so it is not 
successfully cultivated in the Himalayan regions above 500m. It is primarily a crop of 
low rainfall areas but provides good yields under irrigated conditions as well. 
Chickpea is grown on a wide range of soil types ranging from sandy loam to clayey 
loam. The crop is sensitive to alkaline pH and salinity which adversely affects its 
germination, growth and yield. 
There are two main groups (types) of chickpea cultivated in India. One is 
the"Desi" type, which has small dark and wrinkled seeds which constitutes about 85% 
of total production and the other type is the "Kabuli" type which has larger sized, 
lighter coloured seeds with a smoother coat and constitutes the rest of the total 
production. 
Chickpeas are of great food value. The unripe seeds are often removed from 
the pods and eaten as a raw snack. Mature seeds of chickpea have great nutritional 
value and a variety of dishes are prepared out of it and eaten worldwide. The dried 
and mature seeds of chickpea are ground into flour called gram flour out of which 
many popular dishes are prepared. 
Chickpea is good source of minerals, protein and folate. After soybean it ranks 
second in seed protein content. The seeds are rich in dietary fiber and hence a healthy 
source of carbohydrate for persons with insulin sensitivity or diabetes. Chickpea is 
low in fats most of which are polyunsaturated. According to International Crops 
Research Institute for the semi arid tropics, Hyderabad, India, besides having high 
protein content chickpea seeds possess about 64% total carbohydrate, 5% fat and 6% 
fiber. The seeds are also rich in minerals like phosphorus (340 mg), calcium (190 
mg), magnesium (140 mg), iron (7 mg) and zinc (3 mg) estimated per 100 g. 
The impact and long-term ecological ramifications of heavy metal pollution on 
the biosphere have resulted in an increased interest in evaluating the interaction 
between heavy metals and flora. "Heavy metals" are defined as the metals having 
density higher than 5 g cm .^ Of the major heavy metals, cadmium (Cd) is a major 
industrial pollutant, particularly in areas associated with smelting of zinc and heavy 
road traffic (Somasekaraiah et al, 1992; Das et al, 1997). Cadmium, an element of 
group IIB in the Periodic Table, is a white lustrous element with melting and boiling 
points of 321 and 767 °C, respectively, and a density of 8.64 g cm"^ . Its atomic number 
is 48 and atomic mass is 112.64. The heat of vaporization of Cd is 26.8 k cal mol' 
(Cotton and Wilkinson, 1966) and this property of Cd makes it susceptible to enter the 
atmosphere (Laws, 1993). Based on its solubility, Cd is one of the most toxic and 
mobile heavy metals in contaminated crop environment. It is easily taken up by plants 
and accumulated to high levels in the aerial organs (Kabata-Pendias and Pendias, 
2001) thereby causing potential damage. Cadmium preferentially accumulates in the 
chloroplasts and disrupts chloroplast function by damaging its membrane, inhibiting 
the activities of the biosynthesis of chlorophyll and CO2 fixation (Boddi et al., 1995; 
Siedlecka et al., 1997) or the aggregation of pigment protein complexes of the 
photosystems (Horvath et al., 1996) Various physiological processes may be altered, 
including growth retardation (Cataldo et al., 1983; Dewdy and Ham, 1997; Drazic et 
al., 2006; Krantev et a/.,-2008; Ekmekci et al., 2008; Hasan et al., 2008) and plant-
water relations (Barcelo and Poschenrieder, 1990; Das et al., 1997). Cd-induced 
generation of superoxide (O2) anions, hydroxyl (OH) radicals and H2O2 cause a 
considerable membrane damage. It induces the peroxidation of polyunsaturated fatty 
acids (De Vos and Schat, 1981) and also alters the activity of antioxidative enzymes 
(Mishra et al., 2006; Hasan et al., 2007; Hasan et al., 2008). Cd directly or indirectly 
interferes with the nutrient uptake in plants. This is due to the fact that the mechanism 
for Cd uptake by the plant root generally involves competition for absorption sites 
between the heavy metals and several mineral nutrients like Ca^ ^ and Mg"^ ^ which 
sharing similar chemical properties (Jarvis et al., 1976). 
When exposed to stressful conditions, plants accumulate an array of 
metabolites, particularly amino acids. Amino acids have traditionally been considered 
as precursors as well as constituents of proteins, and play an important role in plant 
metabolism and development. Proline, an amino acid, plays a highly beneficial role in 
plants exposed to various stress conditions. Besides acting as an excellent osmolyte, 
proline plays three major roles during stress, i.e., as a metal chelator, an antioxidative 
defense molecule and a signaling molecule, stressful environment results in an 
overproduction of proline in plants which in turn imparts stress tolerance by 
maintaining cell turgor or osmotic balance; stabilizing membranes thereby preventing 
electrolyte leakage; and bringing concentrations of reactive oxygen species (ROS) 
within normal ranges, thm preventing oxidative burst in plants. Proline, when 
supplied exogenously at lower concentrations to plants exposed to various biotic and 
abiotic stresses, results in stress mitigation thereby enhancing growth and other 
physiological characteristics of plants. Exogenous proline maintains the turgidity of 
the cells and also enhances photosynthesis during times of stress. Lower 
concentrations of proline are known to provide tolerance against the damaging effects 
of salinity, drought, irradiance or heavy metal stress (Ashraf and Foolad, 2007). 
Exogenous proline also affects the activity of antioxidative enzymes viz. CAT, POX, 
SOD, etc. and also the enzymes of nitrogen metabolism (Hoque et al, 2007). 
Metabolism provides the power and building blocks for plant life, whereas, the 
hormone regulates the speed of growth of individual parts and integrate these parts to 
produce the form that we recognize as a plant (Davies, 1987). Salicylic acid is 
ubiquitously distributed in the entire plant kingdom. It was recognized as an 
endogenous plant growth regulator afler finding that it generates a wide range of 
metabolic and physiological responses in plants thereby affecting their growth and 
development (Hayat et al., 2010). A common consequence of most biotic and abiotic 
stresses is an increased production of ROS such as O2', OH" and H2O2 which creates a 
state of oxidative stress in plants (Elstner, 1982; Panda et al, 2003 a,b). However, 
exogenous application of SA at suitable concentration has been found to enhance the 
activity of the antioxidative defense system thereby providing tolerance to the plants 
against oxidative burst. The application of SA has been found to be effective in 
enhancing the growth of plants exposed to various stressful environments such as high 
salinity, heavy metals, temperature extremes, water stress and irradiance (Hayat and 
Ahmad, 2007; Hayat et al., 2010). Exogenous application of SA has been found to 
increase the photosynthetic parameters and plant watep relations (Hayat et al., 2005; 
Yusufe/a/.,2008). 
Keeping in view the diverse physiological roles of proline and SA in plants, it 
was decided to study the individual as well as cumulative effect of proline and SA on 
Cd-induced changes in chickpea (Cicer arietinum L.) cv. Avarodhi with the following 
objectives:. 
> To study the effect of varying concentrations of Cd applied to soil. 
> To select the most effective concentration of proline applied as foliar spray. 
> To select the most effective concentration of SA applied as foliar spray. 
> To study the effect of the selected concentrations of proline on Cd-induced 
changes in chickpea. 
> To study the effect of the selected concentration of SA on the Cd-induced 
changes in chickpea. 
> To study the interactive effect of proline and SA on Cd-induced changes in 
chickpea. 
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REVIEW OF LITERATURE 
The genetic makeup of the plant is not sufficient to improve its growth, 
physiology and yield characteristics while hampered under adverse effects of abiotic 
stress conditions like heavy metal stress, rather growth is mediated by the interplay of 
phytohormones like SA and osmolytes like proline. The studies concerning the effect of 
Cd on plants and the effect of SA and proline are reviewed in the following pages. 
2.1 Cadmium 
2.1.1 Introduction 
The term "heavy metal" refers to any metal chemical element that has a 
relatively high density (greater than 5g/cm^). Out of the 90 naturally-occurring 
elements, 53 are considered to be heavy metals (Weast, 1984). Among the various 
heavy metals, some like Zn, Ni, Cu, V, Co, W and Cr may find their roles (at low 
concentrations) in various physiological aspects of plants, whereas others, like As, Hg, 
Ag, Sb, Cd, Pb and Al have no known function as nutrients and are highly toxic to 
plants and microorganisms (Godbold and Huttermann, 1985; Niess, 1999; Sogut et al., 
2005; Beak et al, 2006). 
Cadmium is one of the most toxic mobile heavy metals in contaminated crop 
environments that is readily taken up by plants and transferred to particular organs 
(Kabata-Pendias and Pendias, 2001). It was first discovered in Germany in 1817 as a 
by-product of the zinc refining process. Its name is derived from the Latin cadmia and 
the Greek kadmeia. Cadmiimi is white, soft, malleable and ductile having a melting 
point of 321'^ C. Its atomic number is 48, atomic weight 112.41 and density 8.64 g/cm .^ 
Elevated levels of Cd affect plant growth, development, enzyme activities, 
photosynthesis, plant-water relations and the antioxidant system. 
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2.1.2 Effect of Cd on growth and noduiation 
Studies concerning the effect of Cd on growth and noduiation in plants is 
presented in Table I. 
Table I. Effect of Cd on growth and noduiation 
V 
Z 
a 
I 
E 
U 
Plant 
Glycine max 
Pisum sativum 
Corchoms alitor ins 
Medicago sativa 
Zea mays 
Cicer arietinum 
Cicer arietinum 
Vigna radiata 
Vigna mungo 
Medicago sativa 
Vigna ambacensis 
Triticum aestivum 
Phaseolus vulgaris 
Glycine max 
Alnus rubra 
Trifolium repens 
Pisum sativum 
Vigna mungo 
Response (decrease) 
Growth 
Growth 
Growth 
Growth 
Fresh mass and overall Growth 
Growth, noduiation and 
Nitrogenase activity 
Dry mass 
Fresh mass 
Fresh mass 
Root and shoot mass 
Root and shoot mass 
Noduiation, nitrogen- acetylene 
fixation and dry mass. 
Nitrogenase activity, Noduiation 
Noduiation, Nitrogenase activity 
Nitrogenase activity and 
noduiation 
Noduiation, Nitrogen assimilation 
and Nitrogenase activity 
Noduiation, shoot dry mass. Leaf 
area. Relative growth rate. 
Reference 
Cataldo et al., 1983; Dewdy and Ham, 
1997 
Sandalioe/fl/., 2001 
Mazen, 2004 
Drazic et al., 2006 
Krantev et al., 2008; Ekmekci et al., 2008 
Hasan et al., 2008 
Woolhouse 1983 and Rana and Ahmad 
2002 
Wahid and Ghani, 2007 
Drazic et al., 2006 
Al-Yemeni,2001 
Milone et al., 2003 
Vigue et al., 1981; Dewdy and Ham, 
1997 
Vespa and Weindensaul 1978; 
Balestrassee/a/., 2001 
Wickliffe/a/., 1980 
McGrath et al., 1988 
Dhingra and Priefer, 2006; Hernandez et 
al., 1995; Dhingra and Priefer, 2006 
Wahid et al., 2007 
8 
2.1.3 Effect of Cd on Photosynthesis and related attributes 
The studies concerning the effect of Cd on photosynthesis and related attributes 
are listed in table II 
Table II. Effect of Cd on photosynthesis and related attributes 
Plant Response (Inhibition/retardation) Reference 
Pisum sativum. 
Beta vulgaris 
Salix 
Clover, Soybean 
Raphanus sativus 
Zea mays 
Vigna mungo 
a Phaseolus vulgaris 
g Lajanas cajan 
S 
.2 Lycopersicon 
S esculentum 
ca 
Photosynthesis 
Photosynthesis 
Photosynthesis, transpiration and stomatal 
opening 
Causes damage in light harvesting 
complex 11 and reduces photosynthesis. 
Causes damage to photosystems I & II 
and reduces photosynthesis 
Leaf area, net assimilation rate, and gas 
exchange parameters. 
Stomatal opening 
Overall photosynthesis 
Photosynthetic parameters 
Brassicajuncea Gas exchange parameters 
Brassica napus 
Lettuce 
Hordeum vulgar e 
Triticum aestivum 
Zea mays 
Salvinia cucullate 
Catharanthus 
roseus 
Chlorophyll and carotenoid contents 
decreased and also increased the non-
photochemical quenching. 
Biosynthesis and content of chlorophyll 
Chlorophyll level 
Chlorophyll level 
Chlorophyll biosynthesis and content 
Chlorophyll content 
Chlorophyll biosynthesis and level 
Greger et al., 1994; Chugh and 
Sawhney, 1999 
Vassilev et al., 2005 
Shamsi et al., 2007 
Krupa, 1988 
Siedlecka and Baszynsky, 1993., 
Siedlecka and Krupa, 1996; 
Ekmekci et al., 2008 
Wahid et al., 2007 
Poschenrieder er a/., 1989 
SheoTsn etal., 1990 
Dong et al., 2005 
Hayat et al., 2007 
Larsen etal., 1993 
Cmhaetal., 1973 
Stiborova et al., 1986 
Bishnoi et al., 1993; Amani, 2008 
Ferretti er a/., 1993 
Phetsombat et al., 2006 
Pandey et al., 2007 
2.1.4 Effect of Cd on the activity of enzymes 
Papers discussing the effect of Cd on the activity of various enzymes in a variety of 
crop plants are listed in table III 
Table III. Effect of Cd on various enzyme activities 
Plant Enzyme Activity Reference 
3 
!A 
o 
a 
4> 
S 
s 
S 
U 
Cicer arietinum 
Zea mays 
Pisum sativum 
Phaseolus vulgaris 
Phaseolus vulgaris 
Cicer arietinum 
Nitrate reductase 
Nitrate reductase 
Nitrate reductase 
Nitrate reductase 
Carbonic 
anhydrase (CA) 
CA 
Decreased Ali et al., 2007b; Hasan el ai, 2008 
Decreased Nassbaum et al., 1988; Hernandez et 
al., 1996 
Decreased Burzynski, 1988 
Decreased Gouiae/a/., 2003 
Decreased Siedleckae/a/., 1996 
Decreased Hasan et al., 2008 
2.1.5 Effect of Cd on antioxidative enzymes 
The studies concerning the effect of Cd on antioxidative defense system are listed in 
table IV. 
Table IV. Effect of Cd on antioxidative defense system 
Plant Effect on antioxidative defense 
system 
Reference 
o 
a. 
X 
Halianthus annuus Enhanced lipid peroxidation and 
lipoxygenase activity; decrease in 
activities of superoxidase, glutathione 
reductase, catalase, ascorbate 
peroxidase and dehydroascorbate 
reductase 
Sandalio et al., 2001; Khan et al., 
2002; Panda and Khan, 2003; 
GaWego et al., 1996 
Glycine max 
Oryza sativa 
Brassicajuncea 
Induced the activity of peroxidase 
Peroxidase activity elevated 
Increased peroxidase activity 
Fuhrer, 1982 
Reddy and Prasad, 1993 
Singh and Tiwari, 2003; Hayat et 
al., 2007 
Plant Effect on antioxidative defense 
system 
Reference 
Bacopa monniera 
Calamus tenuis 
Cucumis sativus 
Cicer arielinum 
Zea mays 
Phaseolus aureus 
I 
** Triticum aestivum 
g Oryza sativa 
•a 
^ Brassicajuncea 
Phaseolus vulgaris 
Oryza sativa 
Peroxidase (POX) activity enhanced 
Induced peroxidase activity 
Enhanced peroxidase and SOD activity 
Elevated activity of POX and catalase 
Enhanced activity of POX and SOD 
catalase activity declined, activities of 
guaiacol peroxidase and ascorbate 
peroxidase enhanced 
Catalase activity increased 
Enhanced catalase activity 
Superoxide dismutase (SOD) activity 
increased 
Activities of guaiacol and ascorbate 
peroxidase enhanced and elevated the 
level of lipid peroxidation 
CAT, POX, SOD activity suppressed 
leading to H2O2 burst, lipid 
peroxidation, cell death growth 
inhibition 
Mishra et at., 2006 
Khan and Patra, 2007 
Goncalves el ai, 2007 
Hasan et al., 2007; Hasan et al, 
2008 
Ekmekcie/a/., 2008 
Shaw, 1995; John et al., 2007 
Milonee/a/., 2003 
Panda and Patra, 2007 
Hayatera/., 2007 
Chaomiera/,, 1997 
Guo et al., 2009 
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2.2 Proline 
2.2.1 Introduction 
Proline is ubiquitous in plants, which besides acting as an excellent osmolyte is 
also responsible for stabilizing sub-cellular structures such as that of proteins and cell 
membranes, scavenging free radicals and buffering redox potential under stressful 
conditions (Ashraf and Foolad, 2007). Proline may also function as a protein-compatible 
hydrotrope (Srinivas and Balasubramanian, 1995), alleviating cytoplasmic acidosis and 
maintaining appropriate NADP^/NADPH ratios compatible with metabolism (Hare and 
Cress, 1997). When the stress is overcome, the breakdown of proline provides sufficient 
reducing agents to support mitochondrial oxidative phosphorylation and generation of 
ATP that supports the plant in recovering rapidly (Hare and Cress, 1997; Hare et al., 
1998). 
2.2.2 Effect of proline on plant growth 
When exposed to abiotic stress plants experience growth inhibition or retardation. 
However, exogenous application of proline provided osmoprotection and also enhanced 
the growth of plants exposed to salt stress (Csonka and Hanson, 1991; Roy et al, 1993 
Yancey, 1994). When added to the culture medium at low concentrations proline 
effectively alleviated salinity-induced decline in fresh weight and also reduced 
peroxidative damage to lipid membranes in Arachis hypogea; in contrast, higher proline 
concentrations did not prove beneficial (Jain et al, 2001). In a similar study, Ehsanpour 
and Fatahian (2003) reported that exogenous application of proline to culture medium 
subjected to salinity stress resulted in an increase in dry weight and also increased the 
free proline content in callus cells of Medicago sativa. When applied exogenously to 
immature embryos of Zea mays proline stimulated somatic embryogenesis (Armstrong 
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and Green, 1985; Duncan and Wildholm, 1987; Claparols et al, 1993). Santos et al. 
(1996) reported that exogenous proline acts as a nitrogen source. They concluded that 
diverse morphogenetic processes such as embryogenesis and organogenesis vary in their 
demand of exogenous nitrogen (especially in the form of proline) which would also act as 
an osmoregulator. 
2.2.3 Effect of proline on enzymes and metabolites 
Proline also affects the activity of various enzymes. Papers describing the effect 
of proline on various enzymes and other metabolites have been listed in Table V 
Table V. Effect of proline on enzymes and metabolites 
Plant Response / Effect Reference 
Tobacco 
Glycine max 
o 
a. 
Enhanced CAT, POX and SOD activities 
Faster import of proline across symbiosome 
membrane, which is used as substrate by 
bacteroids to enhance the nitrogenase activity in 
drought stressed nodules 
o Pancratium maritimum Alleviated salt stress by protecting enzymes 
B O 
"S Nicotiana tobaccum 
a. 
a. 
C9 
CA 
3 O O 
V 
6J1 
O 
Zea mays 
Viciafaba 
Vigna radiata 
Alleviated salt stress by reducing lipid 
peroxidation 
Protection of enzymes against cold stress by 
affecting their 3D structure 
Increased the contents of soluble sugars and 
proteins during salinity stress exposure 
Increased phenolics content during exposure to 
chilling stress. 
Hoque et al., 2007 
Pedersen e/a/., 1996 
Khedr et al., 2003 
Okuma et al., 2004 
Schobert, 1977;Paleg 
etal., 1981 
Gadallah, 1999 
Posmyk and Janas, 
2007 
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2.2.4 Effect of proline on plant-water relations and photosynthesis 
Exogenous proline application to Vicia faba significantly increased leaf water 
potential during salinity stress (Gadallah, 1999). It is well established that proline 
protects plants against stress by stabilizing complex II electron transport (Hamilton and 
Heckathom, 2001), membranes and proteins (Mansour, 1998; McNeil et al., 1999; 
Holmstrom et al, 2000) and enzymes such as Rubisco (Makela et al, 2000). When 
compared with other osmolytes such as glycine betaine, proline applied exogenously 
was highly effective in alleviating NaCl-generated stress in tobacco cells. Both upper 
and lower stomata in Vicia faba responded to different concentrations of proline 
supplied exogenously either to detached leaves or to intact leaves (Rajagopal, 1981). 
The stomata on abaxial surfaces exhibited higher resistance than those on adaxial 
surfaces when treated exogenously with proline. Furthermore, lower concentrations of 
exogenous proline were even more effective in increasing stomatal resistance than that 
of ABA spray (Rajagopal, 1981). It is also reported that exogenously applied proline 
maintained turgidity in leaves of barley and wheat undergoing stress (Rajagopal and 
Sinha, 1980). 
2.2.5 Effect of proline on oxidative stress and the antioxidant system 
Plants continuously synthesize reactive oxygen species (ROS) as a by-product 
of various metabolic pathways (Foyer and Harbinson, 1994). ROS play a significant 
role in providing protection against harmfiil pathogens (Doke 1997; Bolwell et al, 
2002). They are also important in trachiery element formation, lignification and several 
other developmental processes (Jacobson, 1996; Teichmann, 2001; Path et al, 2002). 
Reports indicate that proline is responsible for scavenging the ROS and other fi-ee 
radicals (Smirnoff and Cumbes, 1989; Bohnert et al, 1995; Noctor and Foyer, 1998; 
Niyogi, 1999; Hong et al, 2000; Okuma et al, 2004; Chen and Dickmann, 2005). 
14 
Proline, when applied exogenously to roots of Arabidopsis, resulted in a reduced level 
of ROS, indicating the ROS scavenging potential of proline (Cuin and Shabala, 2007). 
Further, exogenous proline application also reduced ROS-induced K" efflux (Cuin and 
Shabala, 2007). Hoque et al. (2007) reported that the activities of antioxidant enzymes 
viz. catalase (CAT), peroxidase (POX) and superoxide dismutase (SOD) were 
significantly enhanced when proline was applied exogenously in tobacco suspension 
cultures exposed to salinity stress. 
Another important defense system of plants to protect cells against the 
destructive ROS (i.e., those generated in response to stress) is the ascorbate-glutathione 
(ASC-GSH) cycle (Noctor and Foyer, 1998). Exogenous proline application up-
regulates the activities of enzymes in the ASC-GSH cycle. The activities of APX 
(ascorbate peroxidase), MDHAR (monohydro ascorbate reductase) and DHAR 
(dihydro ascorbate reductase) enzymes, which are the components of ASC-GSH cycle, 
were significantly enhanced by exogenous proline application in tobacco cultures 
exposed to salinity stress (Hoque et al., 2007). Kaul et al. (2008), using in vitro studies, 
showed that exogenously applied L-proline proved to be a potent fi^ee radical 
(particularly ROS) scavenger. Hong et al. (2000) concluded that the role of proline as a 
free radical scavenger is more important in alleviating stress than its role as a simple 
osmolyte. 
2.2.6 Effect of proline on plants exposed to salinity stress 
High salinity is a major problem facing plants worldwide and results in serious 
metabolic perturbations which reduce crop productivity and yield. Salinity stress 
reduced growth and protein content in Pancratium maritium. This effect was, however, 
significantly reversed when proline was exogenously supplied (Khedr et al, 2003). 
Furthermore, the salinity-induced reduction in ubiquitin conjugate content and 
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inhibition of the antioxidative enzymes CAT and POX was significantly overcome in 
Pancratium maritimum when proline was suppUed exogenously (Khedr et al, 2003). 
Gadallah (1999) reported that exogenous proline application completely alleviated 
salinity-induced injury in Vicia faba. The membrane disruptions induced by salinity 
were also alleviated by exogenous proline in Vicia faba (Gadallah, 1999). In the same 
study, exogenous proline application increased leaf chlorophyll content, leaf relative 
water content, and overall plant growth. Exogenous proline application also increased 
percentage germination and root length in pea exposed to salinity stress (Nurit Bar-Nun 
and Poljakofif Mayber, 1977). hi a study by Ehsanpour and Fatahian (2003) on callus 
cells of Medicago sativa, proline supplied exogenously to the culture medium subjected 
to salinity stress resulted in an increase in dry weight and also increased fi-ee proline 
content in the callus cells. 
2.2.7 Effect of proline on plants exposed to radiation stress 
Harmful radiation such as UV-B (280-320 nm) is a hazardous environmental 
insults which at high levels adversely affects photosynthesis and other physiological 
processes (Allen et al., 1997; Rajendiran and Ramanujam, 2003). In response to UV-B 
radiation plants develop a variety of protective mechanisms, e.g., production of UV-B 
screening pigments and synthesis of protective compounds including flavonoids and 
proline (Tevini et al., 1991; Day and Vogelmann, 1995; Saradhi et al., 1995). The free 
radicals generated in response to UV-B exposure are scavenged by proline (Saradhi et 
al., 1995; Arora and Saradhi, 2002). The study by Arora and Saradhi (2002) was further 
supported by the finding that barley seedlings pretreated with NaCl were more resistant 
to UV-B radiation. This increased tolerance to UV-B exposure was probably due to 
proline accumulation induced by salt stress conditions (Fedina et al., 2002). hi addition, 
exogenous proline application to barley seedlings followed by UV-B exposure resulted 
in reduced chlorophyll/carotenoid ratio, oxygen evolution rate and photochemical 
efficiency of PS II, and increased proline accumulation (Fedina et al, 2003). The 
reduced chlorophyll/carotenoid ratio by exogenous proline application was due to 
synthesis of pigments that provided protection to cells against UV-B radiation exposure 
(Fedina e/fl/., 2003). 
2.2.8 Effect of proline on plants exposed to temperature stress 
Deviation from optimum temperature results in serious perturbations in plant 
growth and development. These include disruption of membranes, metabolic 
modifications, changes in protein content and enzymatic activity, and electrolyte and 
amino acid leakage fi-om cells. Application of chilling treatment to tropical and 
subtropical plants such as mung bean and soybean resulted in serious physiological and 
biochemical dysfunctions, most of which are mediated by active oxygen species 
(Mittler, 2002). 
Chilling sensitive seeds which are vulnerable to low temperatures during the 
early phase of imbibition results in a decrease in percentage of germination (Bramlage 
et al, 1978; Leopold, 1980; Larcher, 1981); poor seedling growth; and reduced plant 
productivity (Larcher, 1981). Hare et al. (2003) observed that seed germination in 
Arabidopsis thaliana was enhanced by proline application. An increase in plant growth 
(Fedina et al, 1993) and crop productivity (Itai and Paleg, 1982) under chilling stress 
conditions was also observed when proline was applied exogenously. Studies have 
revealed tiiat the oxidative pentose phosphate pathway (OPPP) plays a critical role in 
triggering seed germination in various plant species. Botha et al. (1992) and Shetty 
(2004) suggested a link between OPPP and proline biosynthesis. This was further 
confirmed by Posmyk and Janas (2007), who found a positive correlation between 
endogenous proline content in seeds and germination when exposed to chilling stress. 
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Seed germination in Vigna radiata, inhibited by application of chilling stress of S^ 'C, 
was overcome when seeds were hydroprimed with proline. Further exogenous proline 
application had a dose-dependent stimulatory effect on germination of Vigna radiata 
seeds (Posmyk and Janas, 2007). This effect of exogenous proline was attributed to 
membrane stabilizing potential (Matysik et al., 2002) which was changed from porous 
and leaky to stable and non-leaky (Webster and Leopold, 1977). 
Lipid peroxidation induced by chilling (Parkin and Kuo, 1989) was effectively 
overcome by exogenous proline application in Vigna radiata (Posmyk and Janas, 
2007). Exogenous proline acted as an active oxygen scavenger thereby overcoming the 
oxidative stress induced by chilling (Posmyk and Janas, 2007). Van Swaaij et al. (1985) 
determined that exogenous proline application resulted in increased frost tolerance in 
leaves of Solanum. Exogenous proline treatment also increased leaf proline content, 
thereby alleviating chill-induced stress. Besides acting as a free radical scavenger and 
stabilizing membranes, exogenous proline also acted as a source of nitrogen and 
carbon, thereby improving seedling growth and regeneration in Vigna radiata exposed 
to chilling stress (Posmyk and Janas, 2007). 
2.2.9 Effect of proline on plants exposed to heavy metal stress 
Heavy metals such as Cd, Cu, Pb, Ni and Zn are common and destructive 
environmental threats encountered by plants. Plant uptake of excessive concentrations 
of heavy metals generates stress resulting in serious physiological and structural 
disturbances. In response to heavy metal stress plants accumulate a large quantity of 
proline. Besides acting as an osmoprotectant and ROS quencher, proline also acts as a 
heavy metal chelator, thereby alleviating heavy metal stress (Farago and Mullen, 1979). 
Proline induces the formation of phytochelatins which chelate with heavy metals like 
Cd thereby decreasing their toxicity (De Knecht et al., 1994). 
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Heavy metal-tolerant populations of Deschampsia and Silene have been shown 
to contain a higher constitutive content of proline as compared to non-tolerant 
counterparts (Smirnoff and Stewart, 1987; Schat et ah, 1997). Sharma et al. (1998) 
observed that exogenous proline protected the activity of glucose-6-phosphate 
dehydrogenase and nitrate reductase in vitro against inhibition by Cd and Zn. This 
protection was due to the formation of a proline-metal complex (Sharma et al., 1998). 
Similar complex-forming properties of proline were also observed by Farago and 
Mullen (1979) where proline formed a complex with Cu in metal-tolerant Armaria. 
Enhanced proline accumulation was noted in response to heavy metals Cajanus 
cajan and Vigna mungo (Alia and Saradhi, 1991), Helianthus annuus (Kastori et al, 
1992); and Triticum aestivum (Bassi and Sharma, 1993b). Proline accumulation in 
response to heavy metal exposure has also been observed in Anacystis nidulans (Wu et 
al., 1995), Chlorella sp. (Wu et al, 1998) and Chlorella vulgaris (Mehta and Gaur, 
1999). Exogenous proline application to Chlorella vulgaris was found to coimteract 
lipid peroxidation as well as K* efflux observed after exposure to Cu, Cr, Ni and Zn 
(Mehta and Gaur, 1999). 
2.2.10 Proline toxicity in plants 
Despite the beneficial effects of exogenous proline application, it imparts toxic 
effects if over-accumulated or applied at excessive concentrations. Such negative 
effects of exogenous proline were observed in Lycopersicon esculentum where an 
imbalance in inorganic ions was observed (Heuer, 2003). Proline at a low concentration 
(e.g., 30 mM) when applied exogenously, ameliorated the adverse effects of salinity on 
early seedling growth in Oryza sativa, whereas at higher concentrations (40-50 mM) 
generated toxic effects and poor plant growth (Roy et al., 1993). Hare et al. (2001) 
reported that when proline was applied exogenously at a low concentration, it enhanced 
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shoot organogenesis in Arabidopsis hypocotyls explants, whereas growth was inhibited 
at higher concentrations under in vitro conditions. An explanation for this toxic effect 
of exogenous proline is attributed to the fact that lower concentrations activated a cycle 
of cytosolic proline synthesis from glutamate and mitochondrial proline degradation, 
which simultaneously provided NADP^ to drive cytosolic purine biosynthesis and 
reducing equivalents for mitochondrial ADP phosphorylation (Hare, 1998). An 
induction by exogenous proline of the Arabidopsis gene which encodes proline 
dehydrogenase (PDH) is consistent with this hypothesis (Kiyosue et al., 1996). 
However, at higher levels of exogenous proline, feedback inhibition of 5'-pyroline-5-
carboxylate synthetase (P5CS) (Garcia-Rios et al, 1997; Zhang et al., 1995) blocked 
the biosynthetic portion of this cycle and thereby inhibited organogenesis, as in 
Arabidopsis (Hare et al., 2001). The toxic effects of exogenous proline were also 
observed by Rodriguez and Heyser (1988) where growth in suspension culture of 
saltgrass {Distichlis spicata) was inhibited when proline was applied exogenously at a 
high concentration. This treatment also decreased proline biosynthesis. Chen and Kao 
(1995) suggest that high concentrations of proline mimic the toxic effects of Cd in rice 
seedlings. Nanjo et al. (2003) evaluated proline toxicity in Arabidopsis T-DNA tagged 
mutant pdh that was defective in pro dehydrogenase (At ProDH), responsible for 
catalyzing the first step of proline catabolism. This pdh mutant was hypersensitive to 
exogenous L-proline at concentrations < 10 mM whereas the wild type grew normally 
at such concentrations. 
Chelatoi 
Chilling 
Exogenous Pr 
Plate-I. Proline mediated intracellular redox-regulation as a mu^Jifaceted convergent 
strategy of different stresses. A balance of exogenous/endogenous molecules 
sets the required internal concentration of proline. 
Growth 
Radiations 
Chilling 
Light 
Exogenous 
application 
Plate-II. Proline (?) counteracts various abiotic stresses viz. heavy metal stress 
(+ charged circles); radiation stress; salinity stress (uncharged circles at root 
zone); chilling stress (light blue ice particles on leaves); light stress, on plant. 
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23 Salicylic acid 
2.3.1 Introduction 
Salicylic acid (SA) or ortho-hydroxy benzoic acid is ubiquitously distributed in the 
entire plant kingdom. The word salicylic acid was derived from a Latin word "Salix" 
meaning willow tree and was given by Rafacle Piria in 1938. SA has been characterized in 
36 plants, belonging to diverse groups (Raskin et al, 1990). In the plants such as rice, 
crabgrass, barley and soybean the level of salicylic acid is approximately 1 microgram g"' 
fresh mass. Floral parts of seven species and the leaves of twenty seven thermogenic 
species exhibited substantial variation in the level of SA (Raskin et al, 1990). 
Salicylic acid is considered to be a potent plant hormone (Raskin, 1992a) because 
of its diverse regulatory roles in plant metabolism (Popova et al., 1997). Salicylic acid is an 
endogenous plant growth regulator of phenolic nature that possesses an aromatic ring with 
a hydroxyl group or its ftmctional derivative. In free state, SA is found in a crystalline 
powder state having a melting point of 157-159 °C and a pH of 2.4 (Raskin 1992b). 
23.2 Effect of SA on growth and bio-productivity 
The soil nutrient solution enters the plant body through its roots. Besides certain 
other factors a healthy root system plays a key role in enhancing the productivity of plants. 
Basu et al. (1969) observed that rooting was enhanced in mungbean plants following 
treatment of salicylates. A similar promotive effect was generated in shoot system as well 
following the treatment with salicylic acid. Flowering is another important parameter that 
is directly related to yield and productivity of plants, and salicylic acid has been reported to 
induce flowering in a number of plant species. The studies concerning the effect of 
salicylic acid on growth and bio-productivity are listed in table VI. 
Table VI. Effect of SA on growth and bioproductivity 
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Plant 
Bean explants 
Tagetus erecta 
Soybean 
Daucus carota, 
Raphanus sativus. 
Beta vulgaris 
Wheat 
Lemna 
Sinningia speciosa 
Carica papaya 
Spirodela, Wolfia 
microscopica 
Cucumber, Tomato 
Soybean 
Com, soybean 
Brassicajuncea 
Wheat 
Barley 
Daucus carota 
Maize 
Wheat 
Barley 
Funaria hygromatica 
Treated with 
Aspirin (an SA 
analogue) 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
Aspirin 
SA 
SA 
Salicylates 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
Response 
Enhanced rooting 
Enhanced root and shoot 
growth 
Increased root growth 
Increased growth of storage 
root 
Increased germination and 
seedling growth 
Enhanced flowering and yield 
Early flowering 
High fruit setting 
Enhanced flowering 
Fruit yield 
Enhanced flowering and pod 
formation 
Increased leaf area and dry 
matter 
Increased dry mass 
leaf number, fresh and dry 
mass plant'' 
Enhanced growth 
Enhanced growth, pigment 
content, antioxidant activity 
and increased tolerance to B 
and CI ions. Proline content 
also increased 
Increased growth, pigments 
and photosynthesis 
Improved growth, mcreased 
proline content and tolerance 
to Mediterranean sea water 
Delayed leaf emergence, dose 
dependent growth retardation 
Dose dependent inhibition of 
bud formation 
Reference 
Larque-saavedra e/a/., 197' 
Sandoval-Yapiz, 2004 
Gutierrez-Coronado et al., 
1998 
Aristeo-cortes, 1998 
Shakirova, 2007 
Cleland & Ajami, 1974 
Martin-Mex et al., 2003, 
2005a 
Herrera-Tuz, 2004; Martin-
Mex et al., 2005a,b 
Khurana & Maheshwari, 
1980,1987; Tomote/a/., 
1987 
Laarque-saaverdra and 
Martin-Mex, 2007 
Kumar ef a/., 1999 
Khan et al., 2003 
Fariduddin et al., 2003 
Hayat et al., 2005 
Pancheva et al. 1996 
Eraslan et al., 2007 
Khodary, 2004 
Hussem et al, 2007 
Pancheva er a/., 1996 
Christiansen and Duffy, 
2002 
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23.3 Effect of SA on photosynthesis and plant water relations 
It is recognized that salicylic acid potentially generates a wide array of 
metabolic responses in plants and also affects photosynthetic parameters and plant 
water relations. Hayat et al. (2005) reported that the pigment content was significantly 
enhanced in wheat seedlings, raised from grains pre-treated with a low concentration 
(10"^ M) of salicylic acid, whereas higher concentrations did- not prove beneficial. 
Besides a seed soaking treatment, foliar application of SA also proved to be equally 
fhiitful in increasing pigment contents in Brassica napus (Ghai et al., 2002). Similar 
results were obtained when plants of Brassica juncea were sprayed with low 
concentrations (lO'^ M) of SA, where the chlorophyll content was significantly 
enhanced. Higher concentrations of SA, however, proved to be inhibitory (Fariduddin 
et al. 2003). However, contrary to these observations, a reduction in chlorophyll 
content was observed in plants pre-treated with salicylic acid (Anandhi and 
Ramanujam, 1997; Pancheva et al., 1996). Moharekar et al. (2003) reported that 
salicylic acid activated the synthesis of carotenoids and xanthophylls and also enhanced 
the rate of de-epoxidation with a concomitant decrease in chlorophyll pigments and 
chlorophyll a/b ratio in Triticum aestivum and Vigna radiata. Exogenous application of 
SA was found to enhance the net photosynthetic rate, internal CO2 concentration, water 
use efficiency, stomatal conductance and transpiration rate in Brassica Juncea 
(Fariduddin et al., 2003). Further, Khan et al. (2003) reported an increase in 
transpiration rate and stomatal conductance in response to foliar application of SA and 
other salicylates in com and soybean. In another study carried out in soybean, foliar 
application of salicylic acid enhanced water use efficiency, transpiration rate and 
internal CO2 concentration (Kumar et al., 2000). However, contrary to these results, the 
transpiration rate decreased significantly in Phaseolus vulgaris and Commelina 
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communis after the foliar application of SA. This decrease was attributed to the fact that 
salicylic acid induced the closure of stomata (Larque-Saaverdra, 1978, 1979). The leaf 
carbonic anhydrase activity was significantly enhanced when SA at lO'^ M was either 
sprayed to foliage of Brassica (Fariduddin et ah, 2003) or supplied as a pre-sowing 
seed soaking treatment to wheat grains (Hayat et al., 2005). However, treatment with 
higher concentrations of S A decreased activity of the enzyme. Such a decrease in the 
enzyme activity was also observed by Pancheva et al (1996), where the activity of 
ribulose-l,5-biphosphate carboxylase/oxygenase (RuBPCO) in barley decreased with 
increasing concentration of SA. This decrease was accompanied by a concomitant 
increase in the activity of phosphoenol pyruvate carboxylase (PEPCase) resulting in a 
decline in photosynthetic rate which was contrary to the results of Fariduddin et al. 
(2003) and Hayat et al. (2005). 
23.4 Effect of SA on the enzymes of the antioxidant system and nitrate 
metabolism 
Stressful enviroimients induce the generation of ROS such as superoxide 
radicals (O2'), hydrogen peroxide (H2O2), hydroxyl radicals (OH') etc. in plants, 
thereby creating a state of oxidative stress (Elstner, 1982; Halliwell and Gutteridge, 
1988; Monk et al, 1989; Asada, 1994; Gille and Singler, 1995; Prasad et al, 1999; 
Panda et al, 2003a,b). This increased ROS level in plants causes oxidative damage to 
biomolecules such as lipids, proteins and nucleic acids, thus altering redox homeostasis 
(Smirnoff, 1993; Gille and Singler, 1995). When applied exogenously at suitable 
concentrations, SA was found to enhance the efficiency of the antixoidant system in 
plants (Knorzer et al, 1999). SA treatment was found to alleviate oxidative stress 
generated by paraquat (one of the most widely used herbicides, which is quick-acting 
and non-selective, killing green plant tissue on contact) in tobacco and cucumber 
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(Strobel and Kuc, 1995). Further, treatment with salicylic acid resulted in temporary 
reduction of catalase activity and increased H2O2 level (Janda et al, 2003) which 
possibly played a key role in providing the systemic acquired resistance (Chen et al., 
1993) and tolerance against oxidative stress (Gechev et al, 2002) in plants. SA was 
found to enhance the activities of antioxidative enzymes viz. CAT, POX and SOD 
when sprayed an foliage of drought-stressed plants of Lycopersicon esculentum (Hayat 
et a/., 2008) or to salinity-stressed plants of Brassica j'uncea (Yusuf et al., 2008). 
Krantev et al. (2008) reported that the exogenous application of salicylic acid enhanced 
the activities of antioxidant enzymes ascorbate peroxidase (APX) and SOD with a 
concomitant decline in activity of catalase in maize plants. The priming of seeds with 
lower concentrations of SA, before sowing, lowered the elevated levels of ROS due to 
Cd exposure and also enhanced the activities of various antioxidant enzymes (catalase, 
guaiacol peroxidase, glutathione reductase and superoxide dismutase) in Oryza sativa, 
thereby protecting the plants from oxidative burst (Panda and Patra, 2007). However, 
contrary to this observation, Choudhury and Panda (2004) reported a decline in the 
activities of the antioxidant enzymes CAT, POX, SOD and glutathione reductase in 
rice, following the pre-sowing seed soaking treatment with salicylic acid. 
Besides affecting the enzymes of the antioxidant system, exogenous application 
of salicylic acid was also found to affect the activities of the enzymes of nitrate 
metabolism as well. The activity of nitrate reductase (NR) was enhanced in the leaves 
of wheat by the application of SA (Hayat et al, 2005). The treatment also protected the 
enzyme from the action of proteinase and trypsin (Rane et al, 1995). Lead (Pb?) 
induced decline in NR activity was revived in maize plants following the application of 
SA (Sinha et al, 1994). The total protein content was increased in soybean (Glycine 
max.) plants sprayed with SA and this increase was presumed to be due to enhanced 
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activity of NR following SA treatment (Kumar et al, 1999). A significant increase in 
activity of nitrate reductase was observed both in roots and leaves of plants raised from 
the wheat grains soaked in lO'^ M of SA (Hayat et al, 2005). Such a lower 
concentration of SA, when sprayed to the foliage of mustard plants, enhanced leaf NR 
activity (Fariduddin et al, 2003). However, at higher concentrations (10'^  or 10"^  M), 
SA proved to be inhibitory. Treatment of maize plants with lower concentrations of SA 
also enhanced uptake of nitrogen and the activity of NR, whereas higher concentrations 
proved to be inhibitory (Jain and Srivastava, 1981). 
23.5 Effect of salicylic acid on plants exposed to stress 
Throughout the world, plant species inhabit a wide array of environments with 
diverse combinations of abiotic and biotic interactions. These plant species are 
sometimes exposed to very harsh envirormients that generate a condition of stress in 
them leading to an altered physiology, thereby limiting their performance. The abiotic 
factors that may generate stress in extreme conditions include exposure to heavy 
metals, high salinity, extreme heat or cold, UV irradiance or prolonged exposure to 
ozone and water stress. Salicylic acid improves the resistance of plants against the 
abiotic stresses. This ability of salicylic acid has an added advantage for use in 
agriculture for improving crop productivity in extreme conditions. The work relating to 
the application of salicylic acid on the performance of plants under stress conditions are 
listed in tables VII to XI. 
Table VII. Effect of SA on plants exposed to heavy metal stress 
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Stress 
• M 
a 
X 
Plant 
Oryza safiva 
Hordeum vulgare 
Zea mays 
Cassia tora 
Glycine max 
Medicago sativa 
Zea mays 
Oryza sativa 
Oryza sativa 
Medicago sativa 
SA applied as 
Seed soaking 
Seed soaking 
Through Hogland 
solution 
Exogenous 
application through 
nutrient solution 
Applied through 
treatment solution 
Seed soaking 
Pre-sowing seed 
soaking treatment 
Pre-sowing seed 
soaking 
Split root treatment 
Root treatment 
through hogland 
solution 
Response 
Alleviated lead and 
mercury toxicity 
Enhanced growth; CAT 
and ascorbate peroxidase 
activities; reduced lipid 
peroxidation induced by 
Cd stress. 
Alleviated Cd toxicity 
Citrate efflux mediated Al 
tolerance 
Provided tolerance against 
Cd toxicity 
Enhanced growth and 
maintained ionic 
homeostasis under Cd 
stress 
Alleviated Cd toxicity, 
enhanced activities of 
RUBP carboxylase, PEP 
carboxylase, APX and 
SOD; reduced CAT 
activity 
Provided tolerance against 
Cd toxicity 
Enhanced antioxidant 
activity and tolerance to 
Cd 
Enhanced antioxidant 
enzyme activities; Hg 
toxicity alleviated 
Reference 
Mishra and 
Choudhury, 1999 
Metwally et al., 
2003 
Pal et al., 2002 
Yang era/.,2003 
Drazicand 
Mihailovic, 2005 
Drazic et al., 2006 
Krantev et al., 
2008 
Choudhury and 
Panda 2004; Panda 
and Patra, 2007 
Guo, et al., 2009 
Zhou et al., 2009 
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Table VIII. Effect of SA on plants grown under salinity stress 
Stress 
en 
Plant 
Triticum aestivum 
Lycopersicon esculentum 
Triticum aestivum 
Hordeum vulgare 
SA applied as 
Seed soaking 
Seed soaking 
Seed soaking 
Seed soaking 
Response 
Increased pigment content, 
photosynthesis, enhanced 
tolerance against salinity 
stress 
Activated aldose reductase 
and APX; proline 
accumulated leading to 
enhanced tolerance to 
salinity 
Proline accumulation, 
maintain lAA &cytokinin 
levels, lowered active 
oxygen species, activities of 
SOD & POX, Enhanced 
growth, alleviated stress 
Stabilised membranes. 
Reference 
Hamada and Al-
Hakimi2001; 
Kaydan et al., 2007 
Tari et ai, 2002, 
2004; Szepesi et 
al., 2005 
Shakirova et al., 
2003 
El Tayeb, 2005 
enhanced photosynthesis, 
salinity stress alleviation 
Arabidopsis thaliana Through MS Alleviated damaging effects Borsani et al., 2001 
mediiun of salinity 
Brassicajuncea Foliar spray Enhanced growth, Yusufera/., 2008 
photosynthesis, activities of 
enzymes NR, CA, CAT, 
POX & SOD, increased 
proline 
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Table IX. Effect of SA on plants subjected to high temperature stress 
Stress 
V 
u 
a 
u 
§ 
•** 
• % 
Plant 
Sinapis alba (mustard) 
Solarium tuberosum 
Agrostis stolonifera 
Poa pratensis 
Cicer arietinum 
Zea mays 
SA applied as 
Foliar spray 
Culture medium 
supplemented 
with acetyl SA 
Foliar 
application 
Foliar spray 
Spray to foliage 
Supplimented 
hydroponically 
Response 
Conferred heat 
tolerance 
Enhanced antioxidant 
enzyme activities and 
increased heat tolerance 
Enhanced tolerance 
from oxidative burst 
generated by heat stress 
CAT and SOD activity 
enhanced, heat 
tolerance 
Increased protein & 
proline contents, 
Enhanced activity of 
enzymes POX & APX 
and tolerance to heat 
Enhanced flourescence 
parameters and 
antioxidant enzyme 
activities except CAT, 
membranes stabilized 
Reference 
Dat etal., 1998 
Lopez-Dalgado et 
ai, 1998 
Larkindale and 
Huang, 2004 
He et al., 2005 
Chakraborty and 
Tongden, 2005 
Janda et al., 
1997,1999 
Table X. Effect of SA on plants subjected to low temperature stress 
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Stress 
09 
a 
u 
-** 
S 
• 4 1 ' 
2 
a 
a 
-*< 
1 ^ 
Plant 
Zea mays 
Zea mays, 
Oryza saiva 
Zea mays 
Oryza sativa, 
Triticum aestivum 
Phaseolus vulgaris, 
Lycopersicon 
esculentum 
Zea mays 
Daucus carota 
Capsicum annum 
Triticum aestivum 
SA applied as 
Exogenous 
Bezaldehyde, Aspirin, 
coumaric acid (SA 
analogues) 
Seed soaking 
Hydroponically before 
exposing to stress 
Pre-treatment with SA 
before cold stress 
Seed soaking or soil 
drenching 
Foliar spray 
Seed soaking 
Seed soaking 
SA pre-treatment 
Response 
Enhanced tolerance 
against chilling stress 
Membranes stabilized 
Generated stress and 
damaged roots 
Alleviated the 
damaging effects of 
chilling stress 
Tolerance against 
heat as well as 
chilling stress 
Enhanced antioxidant 
activity and 
alleviated chilling 
stress. 
Enhanced seed 
germination at low 
temperature 
Enhanced 
germination 
Tolerance against 
frost 
Reference 
Janda et al., 
1998,2000; 
Horvath et al., 
2002 
Kang and Saltveit, 
2002 
Pal et al., 2002 
Szalai et al, 2002; 
Tasgin et al., 2003 
Senaratna et al, 
2000 
Janda et al., 
1999,2000 
Rajasekaran et al., 
2002 
Korkmaz, 2005 
Tasgin et al., 2003 
Table XI. Effect of salicylic acid on plants grown under water stress 
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stress 
u 
Plant 
Lycopersicon esculentum 
Triticum aestivum 
Phaseolus vulgaris, 
Lycopersicon esculentum 
Triticum aestivum 
Hordeum spontaneum 
Sporobcdus stapfianus 
SA applied 
as 
Foliar spray 
Seed soaking 
Soil 
drenching or 
seed soaking 
Presowing 
seed soaking 
20 day old 
seedlings 
drenched in 
SA solution 
Added to 
culture 
medium 
Response 
Enhanced 
photosynthesis, MSI, 
leaf water potential, 
activities of NR, CA, 
CAT, POX, SOD and 
increased proline 
accumulation and 
tolerance to drought 
stress 
Enhanced tolerance to 
drought stress 
Lower concentration 
provided tolerance 
against drought stress 
Enhanced carfooxylation 
efficiency, SOD and 
NR activity, provided 
tolerance against 
drought stress 
ABA content increased, 
membrane damage 
reduced and provided 
tolerance against 
drought stress. 
Tolerance against 
flooding 
Reference 
Hayat et al., 2008 
Hamada, 1998; 
Hamada and Al-
Hakimi, 2001 
Senaratna et al., 
2000 
Singh and Usha, 
2003 
Bandurska and 
Stroinski, 2005 
Ghasempour et al., 
2001 
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2.3.6 Effect of exogenous SA on plants exposed to UV-radiation or ozone stress 
The level of UV-radiation in the environment is increasing daily and plants 
which use direct sunlight for photosynthesis are unable to avoid UV radiation, which 
imparts adverse effects on photosynthesis and other physiological processes 
(Rajendiran and Ramanujam, 2003). Ozone is another damaging air pollutant 
generated throu^ photochemical reactions between nitrogen oxides, CO and 
hydrocarbons released during the burning of fossil fuels in urban areas (Mauzerall and 
Wang, 2001) and is responsible for tremendous loses to crops. Prolonged chronic 
exposure to ozone results in the inhibition of photosynthesis, premature senescence, 
and altered biomass partitioning ultimately reducing the growth and yield of plants 
(Black et ah, 2000; Pell et al, 1997; Saitanis and Karandinos, 2002; Sandermann, 
1996). Therefore, the mechanisms which may protect plants from the harmful effects 
of UV-exposure or ozone stress are of particular concern. It has been reported earlier 
that plants accimiulated large amounts of salicylic acid when exposed to ozone or 
UV-radiation (Yalpani et ah, 1994; Sharma et ah, 1996). The role of salicylic acid in 
counteracting the damaging effects of ozone was best demonstrated in Arabidopsis 
thaliana, where NahG mutants, deficient in SA biosynthesis were more sensitive to 
the deteriorating effects of ozone (Sharma et ah, 1996). Since SA improved the 
activity of the antioxidant enzyme system, this lead to to enhanced tolerance against 
ozone stress in NahG mutants oi Arabidopsis (Rao and Devis, 1999). Like ozone, UV 
radiation has also been reported to induce the accumulation of SA in tobacco plants. 
This increased SA was probably due to higher activity of the enzyme BAZ-
hydroxylase, which is involved in SA biosynthesis (Yalpani et al, 1994). In a study 
carried out by Ervin et al (2004), the exogenous application of salicylic acid 
alleviated the damaging effects induced by UV-B radiation exposure in Kentuky 
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bluegrass and tall fescue sod. These studies revealed that the treatment enhanced 
photochemical efficiency and the activities of antioxidant enzymes catalase and 
superoxide dismutase whose levels were decreased by UV-B exposure. The treatment 
also increased the anthocyanin and a-tocopherol contents in UV-B stressed plants 
treated with salicylic acid. Thus, it may be concluded that SA plays a promoting role 
in alleviating the damaging effects of ozone and ultraviolet irradiance. 
2.4 Concluding remarks 
Despite the diverse physio-morphological effects of exogenous proline and SA 
on plants, much work is still required for a more complete understanding of its effects 
on plant response to external stresses like that of heavy metals. Keeping in view the 
potential of exogenous proline and S A in abiotic stress mitigation, it may become a 
useful tool to counter the adverse effect of stressful environments thereby decreasing 
annual loses to agriculture. 
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MATERIALS AND METHODS 
3.1 Proposed study 
To achieve the objectives framed in chapter one, the following six experiments 
were conducted to elucidate the effect of proline and salicylic acid on cadmium-
induced changes in chickpea (Cicer arietinum L.) cv. Avarodhi during 2007-2009. 
3.2 Seeds 
Certified seeds of Cicer arietinum L. cv. Avarodhi were obtained from 
National Seed Corporation Ltd., Indian Agricultural Research Institute, Pusa, New 
Delhi, hidia. Before the start of each experiment, healthy seeds of uniform size were 
tested for viability. Healthy seeds were surface sterilized with 0.01% mercuric 
chloride solution followed by repeated washings with double distilled water (DDW) 
to remove traces of adhered mercuric chloride. 
3.2 Preparation of pots 
Each earthen pot (25x 25 cm) was filled with an equal quantity of sandy loam 
soil mixed with farmyard manure, in a ratio of 6:1. A uniform basal starter dose of 
inorganic fertilizers (urea, single superphosphate and muriate of potash) were added at 
the rate of 40 mg, 138 mg and 26 mg respectively, per kg of the soil to each pot to 
maintain the fertility of soil. The pots were arranged in a randomized block design 
technique, in the net house of Department of Botany, Aligarh Muslim University, 
Aligarh. 
3.3 Preparation of hormone and proline 
Salicylic acid (SA) and proline were purchased from BDH Chemicals Ltd., 
Germany. A stock solution (lO'^M) of SA was prepared by dissolving its required 
quantity in 5 ml of ethanol, in a 100 ml volumetric flask and making to volume using 
DDW. The required concentrations of SA (10" ,^ 10'^  and 10"^ M) were prepared by 
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dilution of the stock solution. Surfactant "Tween-20" (0.5 ml) was added to each flask 
prior to application and final volume was maintained to 100 ml by using DDW. 
Stock solution (O.IM) of proline was prepared by dissolving the required 
quantity of proline in DDW in a 100 ml volumetric flask and making to volume using 
DDW. Concentrations of 10, 20, 30, 40 and 50 mM were prepared by diluting the 
stock solution. Surfactant "Tween-20" (0.5 ml) was added to each flask prior to 
spraying and final volume was made to 100 ml using DDW. 
3.4 Experiment 1 
This experiment was prepared with 40 pots such that each treatment had 10 
pots (replicates) and within each pot four plants were maintained, according to 
randomized block design technique, during the winter season (October, 2007 to 
March, 2008) to study the effect of varying doses of cadmiimi (Cd) on chickpea. At 
the start of the experiment, each set of pots was supplemented with different doses of 
Cd in the form of CdCb (0, 25, 50 or 100 mg per kg of soil). 
The surface sterilized seeds were inoculated with a uniform layer of 
Rhizobium ciceri and were sown in the pots at the rate of 8 seeds per pot. Thinning 
was done 10 days after sowing (DAS). Irrigation was done with tap water as and 
when required. At each stage of sampling (60 and 90 DAS) 10 plants were uprooted 
to assess the following characteristics: 
1. Length of root and shoot per plant 
2. Fresh and dry mass per plant 
3. Number of nodules per plant 
4. Nodule fi-esh and dry mass per plant 
5. Nodule leghemoglobin content 
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6. Nodule carbohydrate content 
7. Nodule nitrogenase activity 
8. Glutamine synthetase (GS) activity in nodules 
9. Glutamate synthase (GOGAT) activity in nodules 
10. Glutamate dehydrogenase (GDH) activity in nodules 
11. Nitrate content in roots 
12. Nitrogen content in leaves 
13. Nitrate reductase (NR) activity in leaves 
14. Carbonic anhydrase (CA) activity in leaves 
15. Stomatal conductance 
16. Internal CO2 concentration (Ci) 
17. Water use efficiency (WUE) 
18. Transpiration rate (E) 
19. Photosynthetic rate (PN) 
20. Catalase (CAT) activity in leaves 
21. Peroxidase (POX) activity in leaves 
22. Superoxide dismutase (SOD) activity in leaves 
23. Proline content in leaves 
24. Leaf water potential 
3.6 Experiment 2 
This experiment was prepared with 60 pots such that each treatment had 10 
pots (replicates) under a randomized block design technique, during the winter season 
(October, 2007 to March, 2008) to study the effect of different concentrations of 
proline on chickpea. All agronomic and cultural practices were the same as described 
in Experiment 1. At the stage of 30 DAS, the resulting plants were treated as: 
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(A) Plants were sprayed with DDW (control) 
(B) Plants were sprayed with an aqueous solution of 10 mM of proline 
(C) Plants were sprayed with an aqueous solution of 20 mM of proline 
(D) Plants were sprayed with an aqueous solution of 30 mM of proline 
(E) Plants were sprayed with an aqueous solution of 40 mM of proline 
(F) Plants were sprayed with an aqueous solution of 50 mM of proline 
Each plant was sprayed thrice. The nozzle of the sprayer was adjusted such 
that it pumped out 1 ml of the solution in one sprinkle. At each sampling stage (60 and 
90 DAS) ten plants were uprooted to assess the same parameters as in Experiment 1. 
3.7 Experiment 3 
This experiment was prepared with 60 pots such that each treatment had 10 
pots (replicates) imder a randomized block design technique during the winter season 
(October, 2007 to March, 2008) to study the effect of different concentrations of 
salicylic acid (SA) on chickpea. All agronomic and cultural practices were the same 
as described in Experiment 1. At the stage of 30 DAS, the plants were treated as: 
(A) Plants were sprayed with DDW (control) 
(B) Plants were sprayed with 5% solution of ethanol 
(C) Plants were sprayed with 0.5% solution of Tween-20 
(D) Plants were sprayed with 10"^  M of salicylic acid 
(E) Plants were sprayed with 10"^  M of salicylic acid 
(F) Plants were sprayed with 10"^  M of salicylic acid 
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Each plant was sprayed thrice. The nozzle of the sprayer was adjusted such 
that it pumped out 1 ml of the solution in one spray. At each stage of sampling (60 and 
90 DAS) ten plants were uprooted to assess the same parameters as in Experiment 1. 
3.8 Experiment 4 
This experiment was prepared with 50 pots such that each treatment had 10 
pots (replicates), arranged under a randomized block design technique, during the 
winter season (October, 2008 to March, 2009) to study the interactive effect of Cd and 
proline. The concentration of proline was selected on the basis of Experiment 2. The 
scheme of the treatments is presented in table 1. 
Table 1. Scheme of treatment for experiment 4.' 
Treatments Cd dc 
Control 
A 
B 
C 
D 
The rest of the agronomic and cultural practices remained the same as in 
experiment 1. Ten plants from each treatment were uprooted at 60 and 90 DAS to 
assess the same as in Experiment 1. The remaining plants were allowed to grow to 
maturity and were harvested after 150 DAS to study the following yield 
characteristics: 
1. Number of pods per plant 
2. Number of seeds per pod 
3. Seed yield per plant 
4. 100 seed mass 
5. Seed protein content 
(mg/kgsoU) 
-
-
25 
50 
100 
Solution sprayed at 30 DAS 
DDW 
Proline (20mM) 
Proline (20mM) 
Proline (20mM) 
Proline (20mM) 
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3.9 Experiment 5 
This experiment was prepared with 50 pots such that each treatment had 10 
pots (replicates), arranged under a randomized block design technique, during the 
winter season (October, 2008 to March, 2009), to study the interactive effect of Cd 
and SA. The concentration of SA was selected on the basis of the data from 
Experiment 3. The scheme of the treatments is presented in table 2. 
Table 2. Scheme of treatments for experiment 5. 
Treatments 
Control 
A 
B 
C 
D 
The rest of the agronomic and cultural practices remained the same as in 
Experiment 1. Ten plants from each treatment were uprooted at 60 and 90 DAS to 
assess various parameters. The parameters studied were the same as in experiment 1. 
The remaining plants were allowed to grow to maturity and were harvested after 150 
DAS to study the following yield characteristics: 
1. Number of pods per plant 
2. Number of seeds per pod 
3. Seed yield per plant 
4. 100 seed mass 
5. Seed protein content 
(mg/kg. 
-
-
25 
50 
100 
soil) Solution sprayed at SODAS 
DDW 
lO'^MofSA 
lO'^MofSA 
lO'^MofSA 
lO'^MofSA 
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3.10 Experiment 6 
This experiment was prepared with 50 pots such that each treatment had 10 
pots (replicates), according to randomized block design technique, during the winter 
season (October, 2008 to March, 2009). At the start of the experiment, each set of 
pots was supplemented with different doses of cadmium as depicted in table 3. The 
rest of the agronomic and cultural practices remained the same as described in 
Experiment 1. 
At the stage of 29 and 30 DAS each plant was sprayed with 20mM proline 
and 10'^  M of SA, respectively, to elucidate the interactive effect of proline and SA on 
the cadmium-induced changes in chickpea. 
Table 3. Scheme of treatment for experiment 6. 
Treatments Cd doses (mg/kg soil) Spray at 29 DAS Spray at 30 DAS 
Control - DDW DDW 
A - 20mM proline lO'^MofSA 
B 25 20mM proline 10"^MofSA 
C 50 20mM proline lO'^MofSA 
D 100 20mM proline 10"^MofSA 
Ten plants from each treatment were uprooted at 60 and 90 DAS, to assess 
various parameters i.e. the same as in Experiment 1. The remaining plants were 
allowed to grow to maturity and were harvested after 150 DAS to study the yield 
characteristics mentioned in Experiment 4. 
The methods adopted to assess each parameter are described below in the following 
pages 
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3.11 Growth parameters 
3.11.1 Length of root and shoot 
The whole mass of soil from each pot was removed and dipped in a bucket 
filled with tap water to uproot the plants with intact roots. The plants were gently 
moved to remove soil particles. This was followed by washing under running tap 
water. The length of roots and shoots was measured by using a meter scale. 
3.11.2 Fresh and dry mass of plant 
The plants were uprooted and washed gently with tap water. These plants 
were blotted in blotting sheets to remove the adhering water and weighed on an 
electronic balance to record their fresh mass. These plants were kept in an oven at 
80°C for 72 hours and then weighed to obtain their dry mass. 
3.12 Nodulation 
3.12.1 Nodule number and their fresh and dry mass 
The whole mass of soil was removed from the pot and placed in a bucket 
filled with tap water. The plants were moved gently to collect the intact root system 
with no damage to the nodules. The roots were then washed under rurming tap water 
and the number of nodules per plant was counted. The nodules were picked and 
weighed to record their fresh mass. Subsequently they were transferred to Petri-plates 
for overnight drying in an oven at 80°C. This dried material was weighed to obtain the 
dry mass of nodules per plant. 
3.13 Biochemical analysis 
3.13.1 Nodule Leghemoglobin content 
The leghemoglobin content in fresh nodules was estimated following the 
method described by Sadasivam and Mannickam (1992). 
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Fresh nodules (200 mg) were mixed with 3 ml of 0.1 M phosphate buffer 
(Appendix 1.1) and macerated in a mortar and pestle followed by filtration through 
two layers of cheese cloth. The nodule debris was discarded. The turbid reddish 
brown filtrate was centrifiiged at 10,000 g for 10-30 minutes. 
Three ml of alkaline pyridine reagent (Appendix 1.2) was added to 3 ml of 
nodule extract and mixed properly. The solution becomes greenish yellow due to 
formation of hemochrome. The hemochrome was divided equally into two test tubes. 
To one test tube, a few crystals of potassium hexacyanoferrate were added to oxidize 
the hemochrome and read at 539 nm on spectrophotometer (spectronic 20D, Milton 
Roy, USA). To the other test tube a few crystals of sodium dithionite were added to 
reduce the hemochrome. This mixture was read at 556 nm after an interval of 2-5 
minutes, against a reagent blank. The leghemoglobin content (mM) was calculated 
using the formula: 
A556 - A539 
Lb concentration (wM) - x 2D 
23.4 
Where: D is initial dilution 
A556 and A539 are absorbance at 556 and 539 nm, respectively. 
3.13.2 Nodule carbohydrate content 
Carbohydrates were extracted from the samples following the method of Yih 
and Clark (1965) and estimated by adopting the procedure of Dubois et al. (1956). 
Dried nodule powder (50 mg) was transferred to a glass centrifuge tube 
containing 5 ml of 1.5 N H2SO4 (Appendix 2.1). The sample was centrifiiged at 4,000 
rpm for 10 minutes. The supernatant was decanted into 25 ml volumetric flask with 
two washings of the residue with DDW. The volume was made upto the mark by 
using DDW. Out of this extract, 1 ml was placed in a test tube to which 1 ml of 5% 
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distilled phenol (Appendix 2.2) was added. The test tube was placed in chilled water 
and 5 ml of H2SO4 (AR grade) was added. The absorbance was read at 490 nm on a 
spectrophotometer. A blank was run simultaneously with each set of samples. 
Standard curve was plotted by using known graded dilutions of glucose solution. The 
absorbance of each sample was compared with the calibration curve and per cent 
carbohydrate content was calculated on a dry mass basis. 
3.133 Nitrogenase activity in nodules 
Nitrogenase activity was assayed adopting the procedure of Hardy et al. 
(1968). Assays were carried out immediately after harvesting the plants. Nodulated 
roots were cut from the base and were shaken slowly to remove attached soil 
particles. Samples were assayed in 30 ml glass tubes sealed with a subseal to allow it 
to be pierced by a hypodermic needle bearing a syringe. Five ml (v/v) of air was 
withdrawn from the sample container and replaced by an equal volume of acetylene 
gas. After an incubation of Ih at room temperature, 0.5 ml of gas was injected into a 
gas chromatograph (Nucon Series 5500) equipped with a flame ionization detector to 
detect the ethylene gas. The results were expressed in terms of nano moles of ethylene 
formed/g nodule fresh mass/hour. 
3.13.4 Glutamine synthetase (GS) activity in nodules 
Glutamine synthetase (GS) enzyme was extracted and assayed as described by 
Thimmaiah(1999). 
3.13.4.1 Enzyme extraction 
Nodules (0.5 g) were macerated in a chilled mortar and pestle in 5 ml of 
grinding medium consisting of 0.1 M potassium phosphate buffer (Appendix 3.1.1) pH 
7.8, containing 0.4M sucrose (Appendix 3.1.2), 10 mM DTT (Appendix 3.1.3), 10 
mM KCl (Appendix 3.1.4), 1 mM MgCb (Appendix 3.1.5) and 10 mM EDTA 
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(Appendix 3.1.6) followed by filtration through four layers of cheese cloth. The debris 
was discarded and the filtrate was centrifuged at 10,000 g for 20 minutes and the 
supernatant was used for the assay of glutamine synthetase (GS) activity. 
3.13.4.2 Enzyme assay 
A reaction mixture of 0.75 ml was prepared containing 50 mM Tris-maleate 
buffer pH 7.5 (Appendix 3.2.1), 67 mM hydroxylamine (Appendix 3.2.2), 80 mM L-
glutamine (Appendix 3.2.3), 8 mM ATP (Appendix 3.2.4), 4 mM EDTA (Appendix 
3.2.5), 50 ml crude enzyme and 33 mM Mg^ ^ as MgCla (Appendix 3.2.6). A blank 
was run with each set of samples containing buffer instead of L-Glutamine. The test 
tubes were incubated for 10 minutes at 25°C. The reaction was stopped by adding 0.2 
ml of FeCls mixture (Appendix 3.3). This mixture was centrifuged and absorbance of 
brown colour developed was read at 540 nm. 
A standard curve was plotted by using known graded dilutions of 7-
glutamylhydroximate whose colour was developed by adding FeCb mixture. The 
absorbance of each sample was compared with the calibration curve and GS activity 
was measured. 
3.13.5 Glutamate synthase (GOGAT) activity in nodules 
Glutamate synthase (GOGAT) activity was assayed following the method 
described by Thimmaiah (1999). 
3.13.5.1 Enzyme extraction 
Nodules (0.5 g) were macerated in 3 cm^ of extraction medium consisting of 
0.05M Tris-HCl buffer (pH 7.5) (Appendix 4.1.1) containing 0.4 M sucrose 
(Appendix 4.1.2) and 0.01 M p-mercaptoethanol (Appendix 4.1.3) in a mortar and 
pestle followed by filtration through four layers of cheese cloth. The debris was 
discarded the filtrate was centrifuged at 20,000 g for 30 minutes and the supernatant 
was used for the assay of glutamate synthase (GOGAT) activity. 
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3.13.5.2 Enzyme assay 
A reaction mixture of 3 ml was prepared containing 0.7 ml of 0.1 M Tris-HCl 
buffer (Appendix 4.2.1), 1 ml of 0.3M L-glutamine (Appendix 4.2.2), 0.1 ml of 0.33 
M 2-oxoglutarate (Appendix 4.2.3), 0.2 ml of lO'^ M NADH (Appendix 4.2.4) and 1 
ml of crude enzyme. A blank was run simultaneously with each set of samples 
containing 0.1 ml of DDW instead of 2-oxoglutarate. The test tubes were incubated at 
37°C for 15-30 minutes and absorbance was read at 340 nm. The GOGAT activity 
was measured as ^ moles NADH oxidized/h/g fresh weight of sample using formula: 
A340 X volume of assay solution x 1000 
6.22 X incubation time (minutes) x mg protein in enzyme extract used 
Where: A340 is the absorbance at 340 nm. 
3.13.6 Glutamate dehydrogenase (GDH) activity in nodules 
Glutamate dehydrogenase (GDH) activity was assayed as described by 
Thimmaiah(1999). 
3.13.6.1 Enzyme extraction 
Nodules (0.5 g) were macerated in 3 ml of extraction medium consisting of 
0.05 M Tris-HCl buffer of pH 7.5 (Appendix 4.1.1) containing 0.4 M sucrose 
(Appendix 4.1.2) and 0.01 M P-mercaptoethanol (Appendix 4.1.3) in a mortar and 
pestle followed by filtration through four layers of cheese cloth. The debris was 
discarded and the filtrate was centrifuged at 20,000 g for 30 minutes and the 
supernatant was used for the assay of glutamate dehydrogenase (GDH) activity. 
3.13.6.2 Enzyme assay 
Three ml of reaction mixture was prepared containing 1.6 ml of 0.1 M Tris-
HCl buffer of pH 7.5 (Appendix 4.2.1), 0.1 ml of 0.33 M 2-oxoglutarate of pH 6.0 
(Appendix 4.2.3), 0.2 ml of lO'^ M NADH (Appendix 4.2.4), 0.1 ml of 3M NH4CI 
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(Appendix 4.3), and 1 ml of enzyme extract. A blank was run simultaneously with 
each set of samples containing 0.1 ml of DDW instead of 2-oxoglutarate. The test 
tubes were incubated at 37°C for 15-30 minutes and absorbance was read at 340 nm. 
The GDH activity was measured as nano moles NADH oxidized h''g'' fresh weight of 
the samples using formula: 
A340 X volume of assay solution x 1000 
6.22 X incubation tune (minutes) x mg protein in enzyme extract used 
Where: A340 is the absorbance at 340 run. 
3.13.7 Nitrate content in roots 
The nitrate content in roots was estimated following the method of Singh 
(1988). 
Dried root powder (200 mg) was macerated with 16 ml of 2% acetic acid 
(Appendix 5.1) in a mortar with pestle. Of this mixture, 0.5 ml was placed in a test 
tube to which 9.5 ml of DDW was added. To this mixture 0.5 g of powder mixture 
(Appendix 5.2) was added followed by immediate shaking. The solution turned pink 
which was filtered and absorbance was read at 540 nm. A blank was run 
simultaneously with each set of samples consisting of all the above components 
except the nodule material. 
A standard curve was plotted by using knovra, graded dilutions of potassium 
nitrate solution. The absorbance of each sample was compared with that of the 
calibration curve and nitrate content was computed on dry mass basis. 
3.13.8 Nitrogen content in leaves 
The leaf nitrogen content was estimated by employing the method of Lindner 
(1944). 
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3.13.8.1 Digestion of powder 
Oven dried leaf powder (50 mg) was transferred to a digestion tube to which 2 
ml sulphuric acid (AR grade) was added. The digestion tube was heated on a 
temperature controlled digestion assembly for 2 h to allow the complete reduction of 
nitrogen present in the material. After cooling the digestion tube for about 15 minute 
0.5 ml of 30% H2O2 was added drop wise and the solution was heated again until the 
colour turned from black to light yellow. After cooling for 30 minutes an additional 3-
4 drops of 30% H2O2 were added followed by heating for about 15 minutes. The 
process was repeated until the contents of the digestion tube turned colourless. This 
digested material was transferred to a 50 ml volumetric flask after 2-3 washings. The 
final volume was made up to the mark by using DDW. 
3.13.8.2 Estimation of nitrogen 
Ten ml of the digested material was taken in a 50 ml volumetric flask and 
neutralized by adding 2 ml of 2.5N NaOH (Appendix 6.1) and 1 ml of 10% sodium 
silicate (Appendix 6.2). Volume was made up by using DDW. Out of this sample, 5 
ml was pipetted into a graduated test tube to which 0.5 ml Nessler's reagent was 
added drop wise, with repeated shakings. The final volume was made upto 10 ml with 
DDW. After waiting 5 minutes, to obtain optimum colour development, the 
absorbance of the solution was read at 525 nm on a spectrophotometer (Spectronic 
20D, Milton Roy, USA). 
A blank consisting of Nessler's reagent and DDW was run simultaneously 
with each set of samples. A standard curve was plotted by using known, graded 
dilutions of ammonium sulphate solution. The absorbance of each sample was 
compared with that of the calibration curve and percent nitrogen, in each sample, was 
computed on a dry mass basis. 
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3.13.9 Nitrate reductase (NR) activity 
The activity of nitrate reductase was measvired foilovkdng the method by 
Jaworski (1971), in fresh leaf samples. 
Leaves were cut into small pieces (1 cm )^ and 200 mg were weighed and 
transferred to plastic vials. To each vial 2.5 ml of phosphate buffer pH 7.5 (Appendix 
7.1) and 0.5 ml of potassium nitrate solution (Appendix 7.2) was added followed by 
addition of 2.5 ml of 5% isopropanol (Appendix 7.3). The vials were incubated in 
BOD incubator for 2h at 30± 2''C in dark. 0.4 ml of incubated mixture was placed in a 
test tube to which 0.3 ml each of sulphanilamide solution (Appendix 7.4) and NED-
HCl (Appendix 7.5) were added. The test tube was left for 20 minutes, for maximum 
colour development. The mixture was diluted to 5 ml with DDW. The absorbance was 
read at 540 nm on spectrophotometer. A blank was run simultaneously with each 
sample. A standard curve was plotted by using known graded concentrations of 
sodixim nitrite solution. The absorbance of each sample was compared with that of a 
calibration curve and nitrate reductase activity (n mol NO2 g 'h ' ) was noted on fresh 
mass basis. 
3.13.10 Carbonic anhydrase (CA) activity 
The carbonic anhydrase activity in the leaves was measured by following the 
method described by Dwivedi and Randhawa (1974). 
Fresh leaf samples were cut into small pieces at a temperature of 25°C. 
These pieces were weighed (200 mg) and transferred to petriplates. The leaf pieces 
were cut fiirther into smaller pieces in 10 ml of 0.2M cystein hydrochloride 
(Appendix 8.1) and left at 4°C for 20 minutes. The leaf pieces were blotted and 
transferred to a test tube containing 4 ml of phosphate buffer of pH 6.8 (Appendix 
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8.2). To this test tube 4 ml of 0.2M sodium bicarbonate (Appendix 8.3) solution and 
0.2 ml of 0.002% bromothymol blue (Appendix 8.4) were added. The test tube was 
shaken gently and left at 4°C for 20 minutes. CO2 liberated by the catalytic action of 
CA on NaHCOs was estimated by titrating the reaction mixture against 0.5N HCl 
(Appendix 8.5) using methyl red (Appendix 8.6) as an indicator, hi each sample the 
quantity of HCl used to neutralize the reaction mixture was noted and difference was 
calculated. A blank consisting of all the above components of reaction mixture, except 
the leaf sample, was run simultaneously with each set of samples. The activity of the 
enzyme was calculated using the formula. 
V X 22 X N 
[Mol (CO2) kg-'(leaf.F.M.)S-'] 
W 
Where, V = difference in volume (cm^ of HCl used in control and test sample 
titration) 
22 = equivalent weight of CO2 
N = Normality of HCl 
W = Fresh mass of tissue used 
3.13.11 Photosynthetic parameters 
The photosynthetic parameters such as stomatal conductance, internal CO2, 
water use efficiency, transpiration rate and net photosynthetic rate were measured by 
LI-6400 portable photosynthesis system (LI-COR, Lincoln, NE, USA), in clear sun 
during 11:00-13.00 hours. 
3.13.12 Leaf peroxidase, catalase and superoxide dismutase activity 
500 mg of leaf tissue was homogenized in 5 ml of 50 mM phosphate buffer (pH 
7.0) containing 1% polyvinyl pyrolidone. The homogenate was centrifiiged at 15,000 
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rpm for 10 minutes at S^ C and the supernatant obtained was used as an extract for 
peroxidase, catalase and superoxide dismutase. 
3.13.12.1 Leaf peroxidase activity 
The activity of peroxidase was measured following the method of Chance and 
Maehly (1956) in fresh leaf samples. 
To the 3 ml solution of pyrogallol phosphate buffer (Appendix 9.1), 0.1 ml of 
enzyme extract and 0.5 ml of 1% H2O2 were mixed in a cuvette and a change in 
absorbance, at 20 second intervals for a period of 3 minutes was read at 420 nm on a 
spectrophotometer. The control set was prepared by boiling the enzyme extract. 
3.13.12.2 Leaf catalase activity 
The activity of catalase was measured following the method by Chance and 
Maehly (1956). 
The estimation of catalase was carried out by the permanganate titration method. 
3 ml of phosphate buffer (pH 6.8) (Appendix 10.1), 1 ml of 0.1 M H2O2 (Appendix 
10.2) and 1 ml of enzyme extract were mixed and this mixture was incubated at 25''C 
for 1 minute. Then 10 ml of 2% H2SO4 (Appendix 10.3) was added. The mixture was 
titrated against O.IN potassium permanganate (Appendix 10.4) to find the residual 
H2O2 until a purple colour persists for at least 15 sec. Similarly, a control set was 
maintained in which the enzyme activity was stopped by the addition of H2SO4, prior 
to the addition of enzyme extract. 
3.13.123 Superoxide dismutase activity 
The activity of superoxide dismutase was measured by the method of 
Beauchamp and Fridovich (1971) in the fresh leaf sample. 
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A 3 ml of reaction mixture containing 1 ml of 50 mM phosphate buffer (pH 7.8) 
(Appendix 11.1), 0.5 ml of 13 mM methionine (Appendix 11.2), 0.5 ml of 75 mM 
NBT (Appendix 11.3), 0.5 ml of 2 mM riboflavin (Appendix 11.4), 0.5 ml of 0.1 mM 
EDTA (Appendix 11.5) and 0.1 ml of enzyme extract was prepared. Riboflavin was 
added last. The absorbance of reaction mixture was read at 560 nm on a 
spectrophotometer. 
3.13.13 Proline content in leaves 
The proline content in the fresh leaf sample was measured following the 
method described by Bates et al. (1973). 
Fresh leaf sample (0.5 g) was homogenized in mortar with 5 ml of 3% 
sulphosalicylic acid (Appendix 12.1). The homogenate was filtered through Whatman 
No. 2 filter paper and collected in a test tube with two washing each with 5 ml of 
sulphosalicycic acid. 2 ml each of glacial acetic acid and acid ninhydrin (Appendix 
12.2) was added to 2 ml of the above extract. This mixture was heated in a boiling 
water bath for 1 h. The reaction was terminated by transferring the test tube to ice-
bath. Four ml of toluene was added to the reaction mixture with vigorous shaking for 
20-30 seconds. The chromophore (toluene) layer was aspirated and warmed to room 
temperature. The absorbance of red colour was read at 520 nm against a reagent 
blank. The amount of praline in the sample was calculated by using a standard curve 
prepared from pure proline (range 0.1 - 36 ^ mol) and expressed on a fresh mass 
basis of the sample. 
H g proline cm'^  x cm'^  toluene 5 
|i moles of proline g" tissues 
115.5 g (sample) 
where 115.5 is the molecular mass of proline. 
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3.13.14 Leaf water potential 
Leaf water potential, at each selected stage, was measured in fresh, detached 
leaves of the sample plants by using Psypro water potential system (Wescor Inc. 
USA). 
3.14 Yield parameters 
3.14.1 Number of pods per plant 
At harvest, 160 days after sowing, 9 plants (3 from each replicates) from each 
treatment were randomly sampled and counted for the number of pods plant . 
3.14.2 Number of seeds per pod 
25 pods from each treatment were randomly selected for computing the 
number of seeds per pod. 
3.14.3 Seed yield per plant and 100 seed mass 
The pods from four plants, representing each treatment, were crushed and 
cleaned to assess the seed weight per plant. Hundred seeds were subsequently 
randomly picked and weighed to record 100 seed mass. 
3.15 Seed protein content 
The total protein content in the dry seeds, at harvest, was estimated by 
adopting the method of Lowry et al. (1951). 
The oven dried seed powder (50 mg) was transferred to a mortar. The 
sample was ground with the addition of 1 ml of 5% trichloroacetic acid (Appendix 
13.1). The pulp was transferred to a glass centrifuge tube viith repeated washings and 
the final volume was made upto 5 ml. The mixture was centrifiiged at 4,000 rpm for 
15 minutes and the supernatant was discarded. Five ml of IN NaOH (Appendix 13.2) 
was added to the residue. The tube was left in a water bath at 60°C for 30 minutes. 
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After cooling for 15 minutes, the mixture was centrifiiged at 4,000 rpm for 15 
minutes. The supernatant was collected in 25 ml volumetric flask with repeated 
washings. Volume was made up to the mark using IN NaOH that was used to 
estimate the total protein content. 
1 ml of the above extract was transferred to a test tube and 5 ml of Reagent 
C (Appendix 13.3) was added to it. The solution was shaken well and allowed to 
stand at room temperature for 15 minutes. 0.5 ml of Folin's phenol reagent (Appendix 
13.4) was added rapidly with immediate mixing. The blue colour developed whose 
intensity was read at 660 nm using spectrophotometer. A blank, consisting of all 
reagents of reaction mixture, except protein extract, was run simultaneously with each 
set of samples. The total protein content was calculated by comparing the absorbance 
of the samples with those of a calibration curve, plotted by using known graded 
concentrations of bovine albumin. 
3.16 Statistical analysis 
The experiment was conducted according to randomized block design 
technique. Each treatment was represented by ten pots where each pot was considered 
as a replicate. Three observations (from three different pots) were recorded per 
treatment. The treatment means were compared by analysis of variance using SPSS 
software version 10 (SPSS, Chicago, IL, USA). Least significant difference (LSD) 
was calculated at 5% level of probability. 
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EXPERIMENTAL RESULTS 
4.1 Experiment 1 
The surface sterilized seeds of Cicer arietinum L. cv. Avarodhi were sown in 
earthen pots supplemented with 0, 25, 50 or 100 mg of cadmium per kg of soil. The 
plants were allowed to grow and were sampled at 60 and 90 DAS to assess the 
parameters'briefly described below. 
4.1.1 Growth characteristics 
All the growth characteristics (length of root and shoot, fresh and dry mass per 
plant) decreased with increasing doses of Cd at both the sampling stages (60 and 90 
DAS). However, the decrease was not significant (p<0.05) when Cd was supplied at 
the rate of 25 mg per kg of soil compared to that of control. A significant (p<0.05) 
decline of 33.5%, 31.6% (root length); 26.1%, 25.0% (shoot length); 33.9%, 34.3% 
(fresh mass) and 36.7%, 39.5% (dry mass) was recorded at 60 and 90 DAS, 
respectively, in the plants supplemented with Cd (50 mg). These growth 
characteristics further showed a significant (p<0.05) drop of 52.5%, 50.0%; 39.9%, 
39.5%; 55.1%, 50.0%; 56.7% and 55.3% compared to control, at both the sampling 
stages respectively, when Cd was supplemented at the rate of 100 mg per kg of soil 
(Figure 1) 
4.1.2 Nodulation 
With the advancement of age from 60 to 90 DAS, a substantial increase in 
nodule number, nodule fresh and dry mass was observed (Figure 2). However, their 
values decreased with increasing doses of cadmium. Of the three cadmium doses 
tested. 100 mg Cd per kg of soil proved to be the most toxic and significantly 
(p<0.05) reduced the values of nodule number (48.3%, 47.4%), nodule fresh mass 
(42.0%, 45.6 %) and nodule dry mass (48.6%, 51.2%) at 60 and 90 DAS, 
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Figure 1. Effect of different concentrations (0, 25, 50 or 100 mg per kg of soil) of Cd on 
root length (a), shoot length (b), fresh mass (c) and dry mass (d) per plant in 
Cicer arietinum at 60 and 90 days, after sowing (DAS). Data are the mean of 
three independent replicates. Vertical bars represent standard error (±) 
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Figure 2. Effect of different concentrations (0, 25, 50 or 100 mg per kg of soil) of Cd on 
nodule number (a), nodule fresh mass (b), nodule dry mass (c) and 
leghemoglobin content (d) per plant in Cicer arietinum at 60 and 90 days, after 
sowing (DAS). Data are the mean of three independent replicates. Vertical bars 
represent standard error (±) 
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respectively, compared to the control. Fifty mg Cd per kg of soil also generated the ill 
effects and significantly (p<0.05) reduced the values of these parameters at 60 and 90 
DAS, compared to the control, whereas, exposure of plants to 25 mg Cd per kg of soil 
has no significant (p<0.05) impact at both the sampling stages (Figure 2). 
4.13 Leghemoglobin content in nodules 
- As the growth progressed from 60 to 90 DAS, the leghemoglobin content also 
increased in the nodules. However, its values decreased with increasing doses of 
cadmium. The decrease was not significant (p<0.05) in the plants grown on soils 
supplemented with cadmium at the rate of 25 mg per kg of soil. A significant (p<0.05) 
loss of 41.0%, 37.5%; 61.5% and 58.3% in leghemoglobin content at 60 and 90 DAS, 
was observed in the plants fed with 50 and 100 mg Cd kg per of soil, respectively, 
compared to the control (Figure 2). 
4.1.4 Carbohydrate content in nodules 
The carbohydrate content in nodules decreased proportionately with increasing 
doses of cadmimn (Table 1). Exposure of plants to 50 or 100 mg Cd per kg of soil 
generated a significant (p<0.05) decline of 20.7% and 18.8% (50 mg Cd) and 36.9% 
and 35.3% (100 mg Cd) in nodule carbohydrate content at 60 and 90 DAS, 
respectively, compared to the control. However, there was no significant (p<0.05) 
difference in the nodules of the plants fed with 25 mg of Cd per kg of soil. 
4.1.5 Nitrogenase activity in nodules 
Irrespective of the treatments, the activity of nitrogenase in fi-esh nodules 
increased as the age progressed from 60 to 90 DAS. However, all the Cd 
concentrations imparted negative effects on the activity when compared to their 
respective controls (Table 1). A Cd dose of 50 or 100 mg per kg of soil reduced the 
nitrogenase activity by 16.3%, 16.4% and 27.9%, 29.3% at 60 and 90 DAS 
Table 1. Effect of different concentrations (0, 25, 50 or 100 mg per kg of soil) of 
Cd on nodule carbohydrate content (yo) and nitrogenase activity |n mol 
C2H5 (g nodule FM)'] in Cicer arietinum at 60 and 90 DAS. Data are 
the mean of three independent replicates 
Treatments 
Control 
Cd (25 mg per kg soil) 
Cd (50 mg per kg soil) 
Cd (100 mg per kg soil) 
LSD @ 0.05 
Carbohydrati 
60 DAS 
14.90±0.4 
13.70^:0.3 
11.82±0.3 
9.40±0.5 
1.5 
i content 
90 DAS 
17.00±0.5 
15.98±0.8 
13.80±0.1 
11.00±0.2 
1.3 
Nitrogenase activity 
60 DAS 
380±7.57 
362±5.86 
318±6.81 
274±7.81 
31.00 
90 DA! 
403±6.2 
383±5.5 
337±7.2 
285±6.5 
34.27 
Table 2. Effect of different concentrations (0,25,50 or 100 mg per kg of soil) of Cd 
on GS [^molyGH (gFM)^h*l and GOGAT [jimolNADHox (gFM) 'h*1 
activity in the nodules of Cicer arietinum at 60 and 90 DAS. Data are the 
mean of three independent replicates 
Treatments 
Control 
Cd (25 mg per kg soil) 
Cd (50 mg per kg soil) 
Cd (100 mg per kg soil) 
LSD @ 0.05 level 
GS activity 
60 DAS 
285±5.5 
257±7.0 
223±4.7 
177±4.3 
30 
90 DAS 
322±3.6 
295±5.5 
250±4.3 
200±3.2 
29 
GOGAT activity 
60 DAS 
139±3.8 
133±2.6 
114±2.9 
100±2.3 
9 
90 DA! 
148±3.: 
140±3.l 
121±3.: 
105±2.; 
10 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass; yGH = y-Glutamyl hydroxamate 
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respectively, compared to the control. The decline caused by 25 mg Cd per kg of soil 
did not differ significantly (p<0.05) with that of control. 
4.1.6 Glutamine synthetase (GS) activity in nodules 
Table 2 clearly reveals a decline in the activity of GS in the nodules of the 
plants received Cd. The decline in its activity, however, was not significant (p<0.05) 
in the plants growing in the pots supplemented with 25 mg Cd per kg of soil, 
compared to the control. However, with the increase in Cd concentration, the GS 
activity showed a significant (p<0.05) decline at both the sampling stages, where 
tested doses of Cd (50 and 100 mg per kg of soil), reduced significantly (p<0.05) the 
values of GS activity by 21.75%, 23.4% and 37.9%, 38.0% at 60 and 90 DAS 
respectively, compared to that of control. 
4.1.7 Glutamate synthase (GOGAT) and glutamate dehydrogenase (GDH) 
activity in nodules 
The GOGAT and GDH activities in the fresh nodules also followed the same 
trend as was observed in GS activity. The activity of these enzymes decreased with 
increasing doses of Cd, where maximum decrease was recorded in the plants exposed 
to a Cd stress of 100 mg per kg of soil. This concentration of Cd significantly 
(p<0.05) reduced the activity of enzymes GOGAT (28.0%, 29.0%) and GDH (46.0% 
and 44.0%) at 60 and 90 DAS, respectively compared to control, whereas, a 
concentration of 50 mg Cd per kg of soil decreased the values significantly by 17.9%, 
18.2% (GOGAT) and 28.1%, 28.6% (GDH) at 60 and 90 DAS, respectively, 
compared to the control. However, the activity of these enzymes was not affected 
significantly (p<0.05) compared to control, by the presence of 25 mg Cd per kg of soil 
(Tables 2-3). 
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4.1.8 Nitrate content in roots 
Nitrate content in roots also showed an increase as the growth progressed from 
60 to 90 DAS, however, like other parameters, their values were also severely 
affected by Cd (Table 3). All the concentrations of Cd decreased the values of nitrate 
content, compared to control. However, of the three concentrations tested, only 50 and 
100 mg Cd per kg of soil proved to be toxic and significantly (p<0.05) reduced the 
values of nitrate content by 24.0%, 33.3% (60 DAS); 21.2%, 33.3% (90 DAS), 
compared to the control. The exposure of plants to 25 mg Cd per kg of soil did not 
differ significantly (p<0.05) fi-om that of control. 
4.1.9 Leaf nitrogen content 
The nitrogen content in leaves increased with the age of the plant, however, 
their values decreased, at each sampling stage, with increasing concentration of Cd in 
the soil (Table 4). The values of nitrogen content in the leaves of the plants fed v^ rith 
25 mg Cd per kg of soil were almost comparable to the control at both the sampling 
stages. However, the presence of Cd at the rate of 50 and 100 mg per kg of soil 
significantly (p<0.05) decreased these values by 19.2%, 23.6%; 28.7% and 34.5%, at 
60 and 90 DAS, respectively, compared to the control. 
4.1.10 Nitrate reductase (NR) activity in leaves 
Cadmium exposure also affected the activity of NR (Table 4). The activity of 
this enzyme was significantly (p<0.05) reduced under the influence of 50 and 100 mg 
Cd per kg of soil reducing the values by 17.8%, 16.9%; 30.1% and 28.6% at 60 and 
90 DAS, respectively, compared to the control. However, 25 mg Cd per kg of soil 
proved to be non significant (p<0.05). 
Table 3. Effect of different concentrations (0, 25, 50 or 100 mg per kg of soil) of 
Cd on GDH activity [fi mol NADHox (gFM)"*li'*] in nodules and nitrate 
content (mg g'* DM) in roots of Cicer arietinum at 60 and 90 DAS. Data 
are the mean of three independent replicates 
Treatments 
GDH activity Nitrate content 
60 DAS 90 DAS 60 DAS 90 DAS 
Control 
Cd (25 mg per kg soil) 
Cd (50 mg per kg soil) 
Cd(lOOmgperkgsoil) 
LSD @ 0.05 level 
31.0±0.6 
29.1±0.5 
22.3±0.3 
16.7±0.3 
3.5 
35.0±0.8 
33.8±0.4 
25.0±0.3 
19.6±0.4 
2.5 
150±4.3 
141±3.0 
114±2.6 
100±2.6 
14.4 
165±6.1 
153±5.3 
130±4.2 
110±4.2 
16 
Table 4. Effect of different concentrations (0,25,50 or 100 mg per kg of soil) of Cd 
on nitrogen content (%) and NR activity [n mol NO2 h''g' FM] in leaves 
of Cicer arietinum at 60 and 90 DAS. Data are the mean of three 
independent replicates 
Treatments 
Control 
Cd (25 mg per kg soil) 
Cd (50 mg per kg soil) 
Cd (100 mg per kg soil) 
LSD @ 0.05 level 
Leaf nitrogen content 
60 DAS 
3.13±0.04 
2.94±0.04 
2.53±0.06 
2.20±0.10 
0.20 
90 DAS 
4.2at0.08 
3.99±0.06 
3.21±0.04 
2.75±0.08 
0.32 
NR 
60 DAS 
292±6.2 
274±6.4 
240±5.8 
204±6.1 
24.8 
activity 
90 DAS 
385±7.0 
365±5.7 
320±6.6 
275±6.4 
30 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass; DM = Dry mass 
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4.1.11 Carbonic anhydrase (CA) activity in leaves 
Like NR, the activity of CA also showed a decline under the influence of 
varying Cd doses. The decrease was prominent and differed significantly (p<0.05) 
from that of control when Cd was supplied at the rate of 50 and 100 mg per kg of soil 
(Table 5) reducing the values by 21.4%, 22.0%; 33.8% and 35.2% at 60 and 90 DAS, 
respectively, compared to the control. However, exposure to 25 mg Cd per kg of soil 
had no significant effect (p<0.05) on the activity of this enzyme. 
4.1.12 Photosynthetic parameters 
The various photosynthetic parameters stomatal conductance (gs), internal CO2 
concentration (Ci), water use efiRciency (WUE), transpiration rate (E) and net 
photosynthetic rate (PN) followed a pattern similar to other parameters and showed a 
substantial increase as growth progressed from 60 to 90 DAS (Tables 5-7). However, 
their respective values showed a considerable reduction in response to varying doses 
of Cd compared to the control. Of the three Cd concentrations tested, 50 and 100 mg 
per kg of soil generated toxic effects in plants, where 50 mg Cd per kg soil 
significantly (p<0.05) reduced the values of by 27.0%, 30.7% (gs); 17.2%, 15.8% (Ci); 
47.4%, 33.3% (WUE); 39.9%, 36.1% (E) and 30.5%, 31.1% (PN) respectively, at 60 
and 90 DAS, compared to control. Cd at 100 mg per kg of soil proved to be most 
toxic and significantly (p<0.05) reduced the values by 35.7%, 37.7% (gs); 29.3%, 
30.4% (Ci); 65.8%, 54.8% (WUE); 55.9%, 52.3% (E) and 41.8%, 45.0% (PN) at 60 
and 90 DAS, compared to the control. However, exposure to 25 mg Cd per kg of soil 
revealed the values that did not differ significantly (p<0.05) fi-om that of control 
(Tables 5-7). 
Table 5. Effect of different concentrations (0,25,50 or 100 mg per kg of soil) of Cd 
on CA activity [mol (CO2) Kg-1 leaf (F.M)] and gs (mol ni-2 sec-1) in 
Cicer arietinum at 60 and 90 DAS. Data are the mean of three 
independent replicates (± S.E.) 
Treatments 
Control 
Cd (25 mg per kg soil) 
Cd (50 mg per kg soil) 
Cd (100 mg per kg soil) 
LSD @ 0.05 level 
CA activity 
60 DAS 
2.99±0.09 
2.71±0.04 
2.35±0.07 
1.98±0.04 
0.29 
90 DAS 
3.24±0.03 
2.94±0.05 
2.53±0.07 
2.10±0.06 
0.32 
60 DAS 
0.311±0.002 
0.295±0.002 
0.227±0.001 
0.200±0.002 
0.02 
gs 
90 DAS 
0.345±0.003 
0.291 ±0.003 
0.239±0.003 
0.215±0.002 
0.02 
Table 6. Effect of different concentrations (0,25,50 or 100 mg per kg of soil) of 
Cd on Ci (ppm) and WUE (g kg*) in Cicer arietinum at 60 and 90 DAS, 
Data are the mean of three independent replicates (± S.E.) 
TrpfltfnpntQ 
Control 
Cd (25 mg per kg soil) 
Cd (50 mg per kg soil) 
Cd (100 mg per kg soil) 
LSD @ 0.05 level 
Ci 
60 DAS 
290±2.6 
273±2.6 
240±1.7 
205±2.3 
24 
90 DAS 
316±2.6 
295±2.3 
266±3.4 
220±3.2 
26 
WUE 
60 DAS 
0.38±0.006 
0.32±0.02 
0.20±0.10 
0.13±0.0I 
0.06 
90 DAS 
0.42±0.01 
0.37±0.01 
0.28±0.06 
0.19±0.01 
0.06 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
F.M = Fresh mass 
Table 7. Effect of different concentrations (0,25,50 or 100 mg per kg of soU) of Cd 
on E (m mol m"^  sec') and PN (m mol CO2 m'^  sec*) in Cicerarietinum at 
60 and 90 DAS. Data are the mean of three independent replicates (± 
S.E.) 
Treatments 
Control 
Cd (25 mg per kg soil) 
Cd (50 mg per kg soil) 
Cd (100 mg per kg soil) 
LSD @ 0.05 level 
E 
60 DAS 
1.68±0.01 
1.50±0.01 
l.OliO.Ol 
0.74±0.07 
0.20 
90 DAS 
1.91±0.01 
1.67±0.01 
1.22±0.01 
0.91±0.01 
0.26 
PN 
60 DAS 
6.50±0.1 
5.85±0.02 
4.52±0.04 
3.78±0.02 
0.70 
90 DAS 
7.40±0.02 
6.55±0.03 
5.10±0.03 
4.07±0.03 
0.92 
Table 8. Effect of different concentrations (0, 25, 50 or 100 mg per kg of soil) of 
Cd on CAT \\i mol H2O2 decomposed (g FM)'*] and POX (units (g FM)" 
]^ activity in Cicer arietinum at 60 and 90 DAS. Data are the mean of 
three independent replicates (± S.E.) 
Treatments 
Control 
Cd (25 mg per kg soil) 
Cd (50 mg per kg soil) 
Cd (100 mg per kg soil) 
LSD @ 0.05 level 
CAT 
60 DAS 
403±4.7 
419±4.9 
464±6.6 
502±5.7 
27.93 
activity 
90 DAS 
438±4.7 
457±5.5 
516±5.8 
567±4.1 
28.98 
POX 
60 DAS 
14.5±1.12 
15.3±0.17 
18.4±0.15 
20.3±0.12 
1.3 
activity 
90 DAS 
16.3±0.15 
18.0±0.20 
22.9±0.30 
25.8±0.20 
2.1 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass 
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4.1.13 Antioxidative enzyme activities 
The activities of various antioxidative enzymes viz. catalase (CAT), 
peroxidase (POX) and superoxide dismutase (SOD) followed a trend completely 
different from that of other enzymes mentioned so far. Their activities increased with 
increasing concentration of Cd in the soil and with the advancement of the age of 
plant (Tables 8-9). Exposure to 50 mg Cd per kg of soil significantly (p<0.05) 
increased the values by 15.1%, 17.8% (CAT); 26.9%, 40.5% (POX); and 18.5%, 
23.7% (SOD) at 60 and 90 DAS, compared to the control. The activities of CAT, 
POX and SOD were further elevated by 100 mg Cd per kg of soil. However, the 
increase was not significant (p<0.05) when Cd was supplemented at the rate of 25 mg 
per kg of soil (Tables 8-9). 
4.1.14 Proline content in leaves 
Proline content in fresh leaves increased as the age of the plant progressed and 
with increasing concentration of Cd in soil. All the three Cd doses increased the 
proline content in leaves. However, the increase was not significant (p<0.05) when Cd 
was supplemented at the rate of 25 mg per kg of soil. Exposure of plants to 50 and 
100 mg Cd per kg of soil increased significantly (p<0.05) the values by 24%, 35%; 
39% and 52% at 60 and 90 DAS, respectively, compared to the control (Table 9). 
4.1.15 Leaf water potential 
As the growth progressed from 60 to 90 DAS, the value of leaf water potential 
decreased. Further, the exposure of plants to the varying concentrations of Cd resulted 
in a decline in leaf water potential, thereby, showing more negative values, compared 
to the control (Table 9). The decline, however, was not significant (p<0.05) when Cd 
was supplied at the rate of 25 mg per kg of soil, whereas, exposure to 50 and 100 mg 
Cd per kg of soil, showed a significant (p<0.05) increase in the negative values (i.e. 
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lowered the value of leaf water potential), by 42.1%, 50.0% (50 mg Cd) and 84.2%, 
85.1% (100 mg Cd) at 60 and 90 DAS, respectively, compared to the control. 
4.2 Experiment 2 
This experiment was conducted as described in materials and methods 
(Chapter 3). The results of the experiment are sunamarized below. 
4.2.1 Growth characteristics 
4.2.1.1 Root length 
Length of root increased as the growth progressed from 60 to 90 DAS (Figiire 
3) as well as with the spray of proline. Root length increased linearly in the plants 
sprayed with 10 and 20 mM of proline. However, a gradual reduction in root length 
was observed when a higher concentration (30,40 or 50 mM) of proline was sprayed. 
Among all the concentrations tested, spraying of plants with 20 mM proline generated 
the best response and increased the length of root by 22.7% and 25.6%, at 60 and 90 
DAS, respectively, compared to the control. 
4.2.1.2 Shoot length 
Like root length, the length of shoot also increased as the age of plant 
progressed from 60 to 90 DAS (Figure 3). Spraying of plants with lower 
concentrations (10, 20 or 30 mM) of proline at 30 day stage, increased the length of 
shoots significantly (p<0.05) compared to the control at both the sampling stages. 
However, maximum increase was generated by spraying the plants with 20 mM 
proline, showing a significant (p<0.05) increase of 31.3% (60 DAS) and 41.2% (90 
DAS), compared to the control. Spraying of plants with higher concentrations (40 or 
50 mM) of proline did not differ significantly (p<0.05) from that of control (Figure 3). 
30 
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Figure 3. Effect of different concentrations (0, 10, 20, 30, 40 or 50 mM) of proline on root 
length (a), shoot length (b), fresh mass (c) and dry mass (d) per plant in Cicer 
arietinum at 60 and 90 days after sowing (DAS). Data are the mean of three 
independent replicates. Vertical bars represent standard error (±) 
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4.2.1.3 Fresh and dry mass per plant 
The fresh and dry mass of the plant increased with age of the plant i.e. from 60 
to 90 DAS. Their individual values also showed an increase in response to 
exogenously sprayed proline in a concentration dependent manner (Figure 3). These 
parameters showed an increase upto 20 mM concentration and thereafter, decreased 
gradually, dropping the values close to control at a concentration of 50 mM. Among 
the five concentrations (10,20, 30,40 or 50 mM) of proline, 20 and 30 mM generated 
a significantly (p<0.05) different response compared to the control. However, 
maximum increase in fi-esh and dry mass per plant was observed in the plants sprayed 
with 20 mM proline, where a significant (p<0.05) increase of 36.6%, 32.0%; 48.3% 
and 57.6% was recorded at 60 and 90 DAS, respectively, compared to the control. 
4.2.2 Nodulation 
The nodule number, nodule fresh and dry mass in the plants, sprayed 
exogenously with proline followed a pattern similar to that observed in case of fresh 
and dry mass per plant. These parameters increased linearly as the growth progressed 
from 60 to 90 DAS (Figure 4). Exogenous proline increased the nvmiber of nodules 
per plant, their fresh and dry mass, in a concentration dependent manner, where lower 
concenfration proved to be beneficial and higher concentration showed a decline. 
Among the five concentrations (10,20, 30, 40 or 50 mM) of proline, application of 20 
and 30 mM increased the nodulation significantly (p<0.05) compared with that of the 
control. However, maximum response was generated by 20 mM, which increased the 
values of nodule number (39.5%, 34.0%), nodule fresh mass (32.5%, 28.0%) and 
nodule dry mass (46.7%, 54.0%) at 60 and 90 DAS, respectively, compared to the 
control (Figure 4). 
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Figure 4. Effect of different concentrations (0, 10, 20, 30, 40 or 50 mM) of proline on 
nodule number (a), nodule fresh mass (b), nodule dry mass (c) and nodule 
leghemoglobin content in Cicer arietinum at 60 and 90 days after sowing (DAS). 
Data are the mean of three independent replicates. Vertical bars represent 
standard error (±) 
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4.2 J Leghemoglobin content in nodules 
The leghemoglobin content in fresh nodules followed a pattern almost similar 
to that of nodule carbohydrate content and showed an increase from 60 to 90 DAS 
(Figure 4). The foliar application of 20 mM proline generated the maximum response 
and increased significantly (p<0.05) the values of nodule leghemoglobin content by 
43.6% and 40.8% at 60 and 90 DAS, respectively, over that of control. However, as 
the concentration increased, a gradual decline in leghemoglobin content was observed 
and at 50 mM concentration the recorded values were found to be almost similar to 
that of control (Figure 4). 
4.2.4 Carbohydrate content in nodules 
Like nodulation parameters, the values for nodule carbohydrate content also 
increased as age of plant progressed from 60 to 90 DAS. Among all the 
concentrations of proline tested, a foliar spray of 20 mM proved to be the best and 
increased the nodule carbohydrate content significantly (p<0.05) by 23.4% and 22.2% 
at 60 and 90 DAS, respectively, compared to the control. However, as the 
concentration increased, a gradual reduction in nodule carbohydrate content was 
recorded and the application of higher concentration (50 mM) revealed the values that 
were statistically equal to that of control at both the sampling stages (Table 10). 
4.2.5 Nitrogenase activity in nodules 
The activity of nitrogenase was higher at 90 DAS as compared to that at 60 
DAS (Table 10). Exogenous application of proline increased the nitrogenase activity, 
but the increase was found to be dependent on the concentration of proline sprayed, 
where lower concentrations proved to be beneficial compared to higher 
concentrations. Spraying of plants with 20 mM proline generated the maximum 
response and increased the nitrogenase activity by 18.0% and 20.4% at 60 and 90 
Table 10. Effect of different concentrations (0,10,20,30,40 or 50 mM) of proline 
on nodule carbohydrate content (%) and nitrogenase activity [n mol 
CiHs (g nodule FM)'^ ] in Cicer arietinum at 60 and 90 DAS. Data are 
the mean of three independent replicates 
Treatments 
Control (DDW) 
Proline (10 mM) 
Proline (20mM) 
Proline (30mM) 
Proline (40mM) 
Proline (50mM) 
LSD at 0.05 
Carbohydrate 
60 DAS 
14.5±0.6 
15.2±0.7 
17.9±0.7 
\5.9±0.5 
16.0±0.6 
15.U0.7 
0.75 
content 
90 DAS 
16.2±0.7 
17.0±0.4 
19.8±0.6 
17.9±0.7 
16.9±0.5 
16.0±0.6 
0.82 
Nitrogenase 
60 DAS 
350±7.0 
370±6.6 
413±8.4 
386±6.4 
365±8.1 
358±7.8 
15 
activity 
90 DAS 
367±6.6 
388±7':2 
442±6.9 
415±6.6 
378±8.1 
375±7.9 
17 
Table 11. Effect of different concentrations (0,10,20,30, 40 or 50 mM) of proline 
on GS {ji mol yGH (gFM)^h^] and GOGAT {\i mol NADHox (gFM) 'h 
'] in nodules of Cicer arietinum at 60 and 90 DAS. Data are the mean of 
three independent replicates 
Treatments 
Control (DDW) 
Proline (10 mM) 
Proline (20mM) 
Proline (30mM) 
Proline (40mM) 
Proline (50mM) 
LSD at 0.05 
GS 
60 DAS 
263±3.8 
276±4.3 
305±4.0 
288±3.5 
270±3.5 
255±3.2 
10 
90 DAS 
285±3.2 
303±2.9 
340±3.6 
323±3.7 
290±2.3 
276±4.3 
12.3 
( 
60 DAS 
125±2.9 
133±3.2 
160±4.0 
145±3.5 
144±2.6 
130±2.1 
7.0 
30GAT 
90 DAS 
135±3.8 
146±3.5 
180±2.9 
160±3.2 
153±2.9 
137±2.3 
9.0 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM =^  Fresh mass; yGH = y-Glutamyl hydroxamate 
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DAS, respectively, compared to the control. However, as the concentration of proline 
increased further, there was a gradual decline in nitrogenase activity and at a 
concentration of 50 mM, the values of nitrogenase activity was dropped to a level, 
that did not differ sigiuficantly from that of control. 
4.2.6 GS, GOGAT and GDH activities in nodules 
Like other parameters, the activities of en2ymes glutamine synthetase (6S), 
glutamate synthase (GOGAT) and glutamate dehydrogenase (GDH) increased as the 
growth progressed from 60 to 90 DAS. Exogenous application of 20 mM proline 
significantly (p<0.05) enhanced the activities of enzymes by 16.0%, 19.3% (GS); 
28.0%, 33.3% (GOGAT) and 41.7% 41.4% (GDH) at 60 and 90 DAS, respectively, 
compared to the control (Table 11-12). 
4.2.7 Nitrate content in roots 
The nitrate content in roots also followed the same trend as was observed for 
other parameters (Table 12). Foliar spray of the lower concenfrations of proline 
increased the nitrate content in roots, where maximum values were recorded in the 
plants received 20 mM proline. However, a decline in nitrate content was recorded as 
the concentration of proline increased and at 50 mM concentration, the values were 
almost similar to that of control (Table 12). 
4.2.8 Leaf nitrogen content 
The data shown in table 13 clearly demonstrates that the leaf nitrogen content 
increased with the age of the plants (60 to 90 DAS). Out of the various concentrations 
of proline, a foliar spray of 20 or 30 mM significantly (p<0.05) increased the values 
of nitrogen content compared with that of control at both the sampling stages. 
However, maximum response was generated in the plants sprayed with 20 mM 
proline showing a significant (p<0.05) increase of 40.0% and 44.0% at 60 and 90 
Table 12. Effect of different concentrations (0,10,20,30, 40 or 50 mM) of proUne 
on in GDH activity [}i mol NADHox (gFM)'h"'] in nodules and nitrate 
content (mg g'' DM) in roots of Cicer arietinum at 60 and 90 DAS. Data 
are the mean of three independent replicates 
Treatments 
Control (DDW) 
Proline (10 mM) 
Proline (20mM) 
Proline (30mM) 
Proline (40mM) 
Proline (50mM) 
LSD at 0.05 
GDH activity 
60 DAS 
33.3±1.04 
36.0±1.5 
47.2±1.3 
40.3±1.5 
34.8±1.0 
33.9±0.6 
3.0 
90 DAS 
36.2±1.15 
38.9±1.7 
51.2±0.8 
44.2±0.9 
37.5±0.9 
36.0±1.2 
3.1 
Nitrate content 
60 DAS 
125±5.5 
133±5.8 
162±5.2 
143±4.4 
138±5.2 
129±4.9 
8 
90 DAS 
134±4.0 
' 142±4.3 
183±3.8 
160±4.0 
149±4.0 
132±4.0 
11 
Table 13. Effect of different concentrations (0,10,20,30,40 or 50 mM) of proline 
on leaf nitrogen content (%) and NR activity [n mol NO2 h'*g'*FM] in 
Cicer arietinum at 60 and 90 DAS. Data are the mean of three 
independent replicates 
Treatments 
Control (DDW) 
Proline (10 mM) 
Proline (20mM) 
Proline (30mM) 
Proline (40mM) 
Proline (50mM) 
LSD at 0.05 
Nitrogen content 
60 DAS 
3.0±0.1 
3.2±0.1 
4.2±0.06 
3.8±0.1 
3.3±0.06 
2.9±0.05 
0.25 
90 DAS 
3.25±0.6 
3.50±0.1 
4.68±0.08 
4.2±0.06 
3.7±0.1 
3.3±0.1 
0.29 
NR activity 
60 DAS 
250±5.5 
265±6.7 
305±6.3 
285±5.7 
271±6.1 
246±6.3 
11.9 
90 DAS 
320±6.6 
341±6.6 
407±4.9 
365±5.7 
352±4.6 
330±5.7 
17.5 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass; DM = Dry mass 
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DAS, respectively, compared to the control. Further increase in the concentration of 
exogenously applied proline resulted in a gradual decline of nitrogen content, bringing 
down the values close to the control at higher (50mM) concentration (Table 13). 
4.2.9 Nitrate reductase (NR) activity in leaves 
The NR activity was more at 90 DAS stage as compared to at 60 DAS stage of 
the plants (Table 13). Exogenous application of proline affected the activity of NR in 
a dose dependent maimer, where lower concentrations proved to be beneficial and 
higher concentrations generated toxic effects, thereby, lowering the enzyme activity. 
Foliar spray of 20 mM proline generated the best response enhancing the NR activity 
by 22.0% and 27.2% at 60 and 90 DAS, respectively, compared to that of control. 
4.2.10 Carbonic anliydrase (CA) activity in leaves 
CA activity in fresh leaves also followed the same trend as that of NR activity. 
The activity of CA increased as the age of plant progressed from 60 to 90 DAS (Table 
14). Exogenous application of proline affected the CA activity in a dose dependent 
manner, where, lower concentrations proved to be beneficial and higher 
concentrations showed a decline. Among the five concentrations (10, 20, 30, 40 or 50 
mM) of proline, application of 20 or 30 mM showed a significantly (p<0.05) higher 
activity compared to that of control, whereas, highest concentration (50 mM) resulted 
in a decline and revealed the values almost similar to those of control. Application of 
20 mM of proline generated the maximum response and significantly (p<0.05) 
enhanced the CA activity by 32.8% and 46.5% at 60 and 90 DAS, respectively, 
compared to the control. 
4.2.11 Photosynthetic parameters 
The photosynthetic attributes (gs, Ci, WUE, E and PN) followed a pattern 
almost similar to that of other parameters. There was a substantial increase in all the 
Table 14. Effect of different concentrations (0,10,20,30,40 or 50 mM) of proline 
on CA activity [mol (CO2) Kg* leaf (F.M)] and gs(molm" s^ec"*) in Cicer 
arietinum at 60 and 90 DAS. Data are the mean of three independent 
replicates 
Treatments 
Control (DDW) 
Proline (10 mM) 
Proline (20mM) 
Proline (30mM) 
Proline (40mM) 
Proline (50mM) 
LSD at 0.05 
60 DAS 
2.99±0.1 
3.28±0.1 
3.97±0.08 
3.58±0.07 
3.08±0.1 
2.80±0.08 
0.223 
CA 
90 DAS 
3.14±0.10 
3.44±0.10 
4.60±0.09 
3.78±0.11 
3.28±0.12 
3.08±0.11 
0.29 
gs 
60 DAS 
0.320±0.01 
0.338±0.011 
0.395±0.009 
0.355±0.012 
0.323±0.007 
0.316±0.01 
0.020 
90 DAS 
0.345±0.012 
0.365±0.014 
0.419±0.01 
0.386±0.009 
0.34(>t0.012 
0.338±0.01 
0.025 
Table 15. Effect of different concentrations (0,10, 20,30,40 or 50 mM) of proline 
on Ci (ppm) and WUE (g kg'*) in Cicer arietinum at 60 and 90 DAS. 
Data are the mean of three independent replicates 
Treatments 
Control (DDW) 
Proline (10 mM) 
Proline (20mM) 
Proline (30mM) 
Proline (40mM) 
Proline (50mM) 
LSD at 0.05 
Ci 
60 DAS 
267±5.8 
286±4.6 
336±4.9 
316±5.8 
30ft±5.5 
283±4.0 
14 
90 DAS 
277±6.1 
300±4.9 
347±5.5 
327±5.2 
310±4.6 
289±4.3 
14 
60 DAS 
0.35±0.02 
0.44±0.01 
0.60±0.01 
0.50±0.05 
0.38±0.01 
0.33±0.005 
0.05 
WUE 
90 DAS 
0.38±0.01 
0.49±0.01 
0.67±0.02 
0.55±0.02 
0.42±0.006 
0.39±0.01 
0.06 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
F.M = Fresh mass 
Table 16. Effect of different concentrations (0,10,20,30, 40 or 50 mM) of proline 
on E (m mol m'^ sec"') and PN (m mol CO2 m'^ sec"*) in Cicer arietinum at 
60 and 90 DAS. Data are the mean of three independent replicates 
Treatments 
Control (DDW) 
Proline (10 mM) 
Proline (20mM) 
Proline (30mM) 
Proline (40mM) 
Proline (50mM) 
LSD at 0.05 
E 
60 DAS 
1.55±0.02 
1.72±0.02 
1.96±0.01 
1.88±0.01 
1.61±0.02 
1.58±0.006 
0.084 
90 DAS 
1.65±0.01 
1.79±0.02 -
2.13±0.01 
1.94±0.006 
1.68±0.02 
1.64±0.02 
0.1 
PN 
60 DAS 
6.3U0.2 
7.30±0.4 
9.29i0.2 
8.22±0.3 
6.84±0.2 
6.20±0.15 
0.6 
90 DAS 
6.62±0.2 
7.56±0.1 
9.95±0.2 
8.50±0.2 
7.15±0.1 
6.50±0.1 
0.7 
Table 17. Effect of different concentrations (0,10, 20, 30, 40 or SO mM) of proline 
on CAT [ji mol H2O2 decomposed (g FM)"'] and POX [units (g FM)"*] 
activity in Cicer arietinum at 60 and 90 DAS. Data are the mean of three 
independent replicates 
Treatments 
Control (DDW) 
Proline (10 mM) 
Proline (20mM) 
Proline (30mM) 
Proline (40mM) 
Proline (50mM) 
LSD at 0.05 
60 DAS 
403±5.5 
425±6.1 
464±5.9 
43^6.1 
415±5.8 
405±5.5 
20.5 
CAT 
90 DAS 
431±5.7 
456±6.1 
500±5.8 
475±5.7 
442±6.4 
428±4.6 
15 
60 DAS 
14.0±0.6 
15.0±0.5 
18.3±0.4 
15.9±0.5 
14.8±0.6 
14.0±0.6 
0.9 
POX 
90 DAS 
16.0±0.5 
17.6±0.6 
21.6±0.5 
19.2±0.6 
16.5±0.6 
16.1±0.6 
1.2 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass 
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photosynthetic parameters, as the age of plant progressed from 60 to 90 DAS (Tables 
14-16). Further, like other parameters, exogenous application of proline affected the 
photosynthetic attributes in a dose dependent manner, where, lower concentrations 
proved beneficial and higher concentrations did not give significantly (p<0.05) higher 
values. Among various concentrations of proline tested, a foliar spray of 20 mM 
generated the maximum response, and enhanced by 23.4%, 21.4% (gs); 25.8%, 25.3% 
(Ci); 71.4%, 76.3% (WUE); 26.4%, 29.1% (E) and 47.2% 50.3% (PN) at 60 and 90 
DAS respectively, compared to that of control (Tables 14-16). 
4.2.12 Antioxidative enzyme activities 
Exogenous application of proline affected the activity of antioxidative 
enzymes (CAT, POX and SOD) in a dose dependent manner, where, lower 
concentrations generated higher results compared to the higher concentrations. 
Further like other parameters the activity of these antioxidative enzymes was higher at 
day 90 compared to that at day 60, after sowing. Among the various concentrations of 
proline tested, a foliar spray of 20 mM resulted in a maximum increase of the activity 
of these enzymes. The application of 20 mM proline significantly (p<Q.05) increased 
the values of CAT (15.1%, 16.0 %); POX (30.7%, 35.0%) and SOD (33.3% 43.4%) at 
60 and 90 DAS, respectively, compared to their controls (Tables 17-18). 
4.2.13 Proline content in leaves 
The proline content in fresh leaves increased as the age progressed from 60 to 
90 DAS. Like other parameters, exogenous application of 20 mM proline generated 
the maximum response, significantly (p<0.05) increased the values by 54.6%> and 
51.8% at 60 and 90 DAS, respectively, compared to the control (Table 18). 
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4.2.14 Leaf water potential 
The exogenous application of proline increased the leaf water potential (i.e. 
decreased the negative values of water potential) compared with that of the control 
(Table 18). However, a concentration of 20 mM, amongst the five concentrations (10, 
20, 30, 40 or 50 mM) tested, proved to be the best, significantly (p<0.05) enhanced 
the values of leaf water potential by 70.0% and 64.5% at 60 and 90 DAS, respectively 
compared to the control, whereas, spraying of plants wth higher concentration (50 
mM) revealed the values that did not differ significantly (p<0.05) fi-om that of the 
control (Table 18). 
4.3 Experiment 3 
This experiment was conducted as described in materials and methods. The 
results of this experiment are summarized below. 
43.1 Growth characteristics 
All the growth characteristics (length of root and shoot, fi^esh and dry mass per 
plant) increased as the age of plant progressed fi-om 60 to 90 DAS (Figure 5). Foliar 
spray of plants with 5% ethanol or 0.5% tween-20, did not show any significant 
change in growth characteristics. However, exogenous application of varying 
concentrations (10"*, 10'^  or 10'^  M) of SA resulted in an increase in all growth 
characteristics, where, maximum response was generated by the foliar application of 
10"^  M of SA which increased significantly (p<0.05) the values of root length (45.4%, 
35.2%) shoot length (30.7%, 36.0%), fi-esh mass (49.1%, 35.7%) and dry mass 
(50.0%, 31.2%) at 60 and 90 DAS, respectively, compared witii that of conti-ol. 
4.3.2 Nodulation 
A marked increase in nodulation (nodule number, fresh and dry mass) was 
observed as the age of plant progressed fi-om 60 to 90 DAS. Exogenous application of 
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Figure 5. Effect of ethanol (5%), tween-20 (0.5%) and different concentrations of SA (10"*, 
10"^  or 10'^  M) on root length (a), shoot length (b), fresh mass (c) nad dry mass (d) 
per plant in Cicer arietinum at 60 and 90 days after sowing (DAS). Data are the 
mean of three independent replicates. Vertical bars represent the standard error (±) 
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Figure 6. Effect of ethanol (5%), tween-20 (0.5%) and different concentrations of SA (10"^ 
10' or 10'^  M) on nodule number (a), nodule fresh mass (b), nodule dry mass (c) 
and leghemoglobin content (d) in Cicer arietinum at 60 and 90 days after sowing 
(DAS). Data are the mean of three independent replicates. Vertical bars represent 
standard error (±) 
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SA increased the nodulation parameters, where maximum increase was recorded in 
the plants sprayed with 10'^  M of SA which significantly (p<0.05) increased the 
values for nodule number (50.0%, 54.3%), nodule fresh mass (39.5%, 40.3%) and 
nodule dry mass (46.9%, 59.0%) at 60 and 90 DAS, respectively, compared to the 
control. However, foliar spray of plants with 5% ethanol or 0.5 % tween-20 had no 
significant (p<0.05) effect on the nodulation parameters and revealed the values 
almost comparable with that of control (Figure 6). 
4 3 3 Leghemoglobin content in nodules 
The leghemoglobin content in fresh nodules followed the same pattern as was 
observed in case of nodule carbohydrate content. The leghemoglobin content was 
higher in the nodules at day 90, compared with that at day 60, after sov^ng. Among 
the three concentrations (10"^ , 10'^  or 10"^  M) of SA, spraying of plants with lower 
concentrations (10"^  or 10"^  M), resulted in a significant (p<0.05) increase in 
leghemoglobin content, where 10'^  M of SA proved to be the best and significantly 
(p<0.05) increased the values of leghemoglobin content by 44.1% and 39.5% at 60 
and 90 DAS, respectively, compared to the control. On the other hand, treatment of 
plants with ethanol or tween-20, revealed the values that did not differ significantly 
(p<0.05) from that of control (Figure 6). 
43.4 Carbohydrate content in nodules 
The carbohydrate content in nodules was higher at day 90 compared to that at 
day 60, after sowing (Table 19). Like nodulation, the carbohydrate content in nodules 
was increased by the foliar application of SA at day 30, after sowing, where 
maximum response was generated in the plants sprayed with 10"^  M of SA, showing a 
significant (p<0.05) increase of 26.8% and 20.6% at 60 and 90 DAS, respectively, 
compared to the control. However, the carbohydrate content was not affected 
Table 19. Effect of ethanol, tween-20 and different concentrations of SA (10~^ , 
10"^  or 10"^  M) on carbohydrate content (%) and nitrogenase activity 
[n mol CiHs (g nodule FM)'] in nodules of Cicer arietinum at 60 and 
90 DAS. Data are the mean of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Ethanol (5%) 
Tween-20 (0.5%) 
SA (10"* M) 
SA(IO-^M) 
SA(IO-^M) 
LSD @0.05 
Carbohydrat 
60 DAS 
15.91±0.2 
15T27±0.5 
15.98±0.4 
16.85±0.2 
20.17±0.4 
17.14±0.3 
0.82 
e content 
90 DAS 
18.85±0.20 
18.63±0.20 
18.93±0.30 
19.65±0.35 
22.73±0.75 
20.05±0.40 
0.73 
Nitrogenase 
60 DAS 
368±5.5 
362±4.0 
370±5.3 
390±7.2 
439±8.3 
410±4.6 
15.34 
activity 
90 DAS 
390±6.l 
385±6.4 
393±6.1 
410±4.6 
463±6.4 
434±4.7 
15.69 
Table 20. Effect of ethanol, Tween-20 and different concentrations of SA (10 , 
10' or 10^ M) on GS [\i mol yGH (gFM)*h*] and GOGAT [ji mol 
NADHox (gFM)"*h'*] activities in nodules of Cicer arietinum at 60 and 
90 DAS. Data are the mean of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Ethanol (5%) 
Tween-20 (0.5%) 
S A ( 1 0 " ' M ) 
SA(IO-^M) 
SA(IO-^M) 
LSD @0.05 level 
GS activity 
60 DAS 
270±4.0 
275±2.6 
281±5.5 
290±3.8 
330±4.9 
310±3.8 
11.84 
90 DAS 
300±4.9 
293±3.8 
298±3.5 
318±3.8 
359±5.5 
331±3.2 
12.86 
GOGAT activity 
60 DAS 
130±3.8 
126±4.0 
132±4.3 
147±3.5 
190±4.3 
165±4.3 
12.7 
90 DAS 
139±4.3 
135±4.3 
139±5.5 
158±4.5 
205±4.3 
170±4.6 
13.7 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass; yGH = y-Glutamyl hydroxamate 
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significantly (p<0.05) by the foliar application of ethanol or tween-20, compared to 
the control at either of the sampling stages (Table 19). 
4.3.5 Nitrogenase activity in nodules 
A progressive increase in nodule nitrogenase activity was observed as the 
growth progressed from day 60 to day 90, after sowing (Table 19). Out of the three 
concentrations of SA, foliar application of 10"^  M proved to be the best and 
significantly (p<0.05) enhanced the values of nitrogenase activity by 19.3% and 
18.7% at 60 and 90 DAS, respectively, compared to the control. However, treatment 
of plants with ethanol or tween-20 did not generate any significant (p<0.05) change in 
nitrogenase activity (table 19). 
4.3.6 GS, GOGAT and GDH activities in nodules 
A higher activity of glutamine synthetase (GS), glutamine synthase (GOGAT) 
and glutamate dehydrogenase (GDH) activity was observed at day 90 compared to 
that at day 60, after sowing. Treatment of plants with SA, irrespective of the 
concentration, resulted in a significantly (p<0.05) higher activity of these enzymes, at 
both the sampling stages, compared to the control. However, among the three 
concentrations of SA, 10'^  M proved to be the best and significantly (p<0.05) 
enhanced the activities of GS (22.2%, 19.7%), GOGAT (46.1%, 47.5%) and GDH 
(49.3%, 59.6%) at 60 and 90 DAS, respectively, compared to the control. On the other 
hand, spraying of plants with ethanol or tween-20, had no significant (p<0.05) effect 
on the activities of these enzymes, at both the sampling stages, when compared to 
their respective controls (Tables 20-21). 
43.7 Nitrate content in roots 
Spraying of the plants with SA (irrespective of the concentration used) 
generated a significant (p<0.05) response in the nitrate content of roots (Table 21). 
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However, while comparing the effect of three individual concentrations (10"^ , 10"^  or 
10'*^  M) of SA vdth each other, 10'^  M proved to be statistically superior to other 
concentrations as well as to that of control, where, a significant (p<0.05) increase of 
30.6% and 34.7%, over control, was recorded at 60 and 90 DAS, respectively. 
Moreover, the response generated by the foliar application of ethanol or tween-20 
generated a response that-was statistically equal (p<0.05) to that of control at both the 
sampling stages (Table 21). 
43.8 Leaf nitrogen content 
The nitrogen content in leaves increased as the age of the plant progressed 
fi-om 60 to 90 DAS. Foliar application of SA (irrespective of the concentration used) 
generated a data that was statistically significant (p<0.05) compared to that of the 
control. However, while comparing the individual effects of three SA concentrations 
(10"^ , 10"^  or 10"^  M), nitrogen content was significantly (p<0.05) higher in the leaves 
of plants sprayed with 10'^  M of SA, showing an increase of 36.7% and 40.6% at 60 
and 90 DAS, respectively, compared to the other concentrations of SA. The order of 
response was 10'^  M > 10"^  M> 10"^  M > control. Further, foliar spray of ethanol or 
tween-20, generated the values that did not differ significantly (p<0.05) from that of 
the control (Table 22). 
43.9 Nitrate reductase (NR) activity in leaves 
The treatment of plants with ethanol or tween-20 had no significant (p<0.05) 
effect on the activity of NR compared to the control at either of the sampling stages 
(Table 22). However, foliar application of plants with SA resulted in an enhanced 
activity of NR, where, maximum response was generated by a concentration of 10"^  M 
of SA, which significantly (p<0.05) increased the values of NR activity by 25.7% and 
Table 21. Effect of ethanol, tween-20 and different concentrations of SA (10 , 
10"^  or 10"** M) in GDH activity [^  mol NADH ox (gFM)*h'] in 
nodules and nitrate content (mg g'' DM) in roots of Cicer arietinum at 
60 and 90 DAS. Data are the mean of three independent replicates 
(±SE) 
Treatments 
Control (DDW) 
Ethanol (5%) 
Tween-20 (0.5%) 
SA (lO"* M) 
SA (10-^ M) 
SA(IO-^M) 
LSD @0.05 
GDH activity 
60 DAS 
27.4±0.36 
28.5±0.43 
28.0±0.30 
30.7±0.58 
40.9±0.50 
34.0±0.60 
2.56 
90 DAS 
30.7±0.46 
31.2±0.30 
30.8±0.42 
36.0±0.30 
49.0±0.43 
40.2±0.60 
3.59 
Nitrate content 
60 DAS 
134±3.6 
138±4.3 
135±3.2 
144±5.2 
175±4.9 
157±4.3 
8.58 
90 DAS 
141±2.3 
143±2.6 
145±3.4 
158±2.3 
190±4.6 
171±3.2 
9.85 
Table 22. Effect of ethanol, Tween-20 and different concentrations of SA (10 , 
10*' or 10"* M) on nitrogen content (%) and NR activity [n mol NO2 
h'^ g'FM] in the leaves of Cicer arietinum at 60 and 90 DAS. Data are 
the mean of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Ethanol (5%) 
Tween-20 (0.5%) 
SA(IO-^M) 
SA(IO-^M) 
SA(IO-^M) 
LSD @0.05 level 
Nitrogen 
60 DAS 
3.00±0.04 
2.98±0.04 
3.00±0.04 
3.25±0.04 
4.10±0.06 
3.54±0.03 
0.23 
content 
90 DAS 
3.35±0.05 
3.30±0.05 
3.33±0.08 
3.64±0.05 
4.71±0.07 
4.0Ot0.06 
0.27 
NR activity 
60 DAS 
280±7.6 
278±7.0 
283±5.0 
291±5.8 
352±6.4 
315±4.6 
15 
90 DAS 
333±6.2 
330±6.2 
334±5.5 
355±4.5 
440±7.5 
380±5.1 
21.5 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass; DM = Dry mass 
69 
32.1% at 60 and 90 DAS, respectively, compared to the control. The order of response 
was found to be 10"^  M > 10"^  M > 10"* M > control. 
4.3.10 Carbonic anhydrase (CA) activity in leaves 
Like NR activity, the activity of CA also increased as the age of plant 
progressed from day 60 to day 90, after sowing. Out of the three concentrations (10"^ , 
10"^  or 10"^  M)of SA, foliar spray of 10'^  M accelerated the CA activity, significantly 
(p<0.05) by 43.8 % and 60.0 %, at 60 and 90 DAS, respectively, compared to control. 
The response generated by exogenous S A was found to be of the order of 10"^  M > 10" 
* M > 10"^  M > control, at both the sampling stages. On the other hand, treatment of 
plants with ethanol or tween-20 did not show any significant effect on the CA activity 
(Table 23). 
4.3.11 Photosynthetic parameters 
All the photosynthetic parameters (gs, Ci, WUE, E and PN) increased as the 
age of plant progressed from 60 to 90 DAS. Exogenous application of SA 
(irrespective of the concentration used) generated statistically significant (p<0.05) 
values for all the photosynthetic attributes, compared to the control, at both the 
sampling stages. However, maximum response was generated in the plants sprayed 
with 10'^  M of SA, showing a statistically significant (p<0.05) increase of 25.1%, 
20.6% (gs); 25.2%, 19.7% (C;); 81.8%, 94.4% (WUE); 29.6%, 34.5% (E) and 58.24% 
46,92% (PN) at 60 and 90 DAS, respectively, compared to the control. While 
comparing the effects of SA concentrations (10^, 10"^  or 10"^  M), the order of 
response was found to be 10'^  M > 10"^  M > 10"^  M > control. However, the values 
revealed for these parameters in response to exogenous application of ethanol or 
tween-20 did not show any significant (p<0.05) difference compared to the control, at 
both the sampling stages (Tables 23-25). 
Table 23. Effect of ethanol, tweeii-20 and different concentrations (10*^ , 10'^  or 
IC* M) of SA on CA activity [mol (CO2) Kg'^  leaf (F.M)] and gs (mol 
m'^  sec'*) in Cicer arietinum at 60 and 90 DAS. Data are the mean of 
three independent replicates (± SE) 
Treatments 
Control (DDW) 
Ethanol (5%) 
Tween-20 (0.5%) 
SA (lO"' M) 
SA (10-^ M) 
SA (10-^ M) 
LSD @0.05 
CA 
60 DAS 
2.42±0.09 
2.41±0.09 
2.42±0.08 
2.65±0.10 
3.48±0.10 
2.88±0.09 
0.21 
activity 
90 DAS 
2.55±0.10 
2.55±0.10 
2.53±0.10 
3.16±0.09 
4.08±0.12 
3.59±:0.13 
0.33 
gs 
60 DAS 
0.311±0.002 
0.313±0.002 
0.313±0.002 
0.335±0.002 
0.389±0.002 
0.358±0.002 
0.01 
90 DAS 
0.340±0.002 
0.340±0.002 
0.343±0.003 
0.372±0.003 
0.410±0.002 
0.387±0.002 
0.01 
Table 24. Efiect of ethanol, Tween-20 and different concentrations (lO*^ , 10'^  or 
10"** M) of SA on Ci (ppm) and WUE (g kg') in Cicer arietinum at 60 
and 90 DAS. Data are the mean of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Ethanol (5%) 
Tween-20 (0.5%) 
S A ( 1 0 " ' M ) 
SA (10-^ M) 
SA(IO-^M) 
LSD @0.05 level 
Ci 
60 DAS 
278±3.2 
277±2.3 
275±3.2 
303±2.9 
348±2.6 
320±2.1 
14.69 
90 DAS 
300±3.2 
302±2.1 
307±2.6 
335±2.6 
359±2.6 
340±2.8 
12.17 
60 DAS 
0.33±.006 
0.33±.01 
0.32±.02 
0.39±.01 
o.eot.oi 
0.48±.01 
0.05 
WUE 
90 DAS 
0.36±.01 
0.35±.006 
0.36±.01 
0.45±.01 
0.70±.001 
0.54±.001 
0.07 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
F.M = Fresh mass 
Table25. Effect of ethanol, tweeii-20 and different concentrations (10'', 10'^  or 
10"* M) of SA on E (m mol m'^ sec*) and PN (m mol CO2 m'^ sec"*) in 
Cicer arietinum at 60 and 90 DAS. Data are the mean of three 
independent replicates (± SE) 
Treatments 
Control (DDW) 
Ethanol (5%) 
"Tween-20 (0.5%) 
SA(IO-^M) 
SA (10-^  M) 
SA(10-'*M) 
LSD @0.05 
I 
60 DAS 
1.62±.006 
1.62±.006 
1.62±.001 
1.79±.001 
2.10±.02 
1.99±.02 
0.11 
90 DAS 
1.71±.01 
1.70±.01 
1.71±.01 
1.90±.01 
2.30±.02 
2.09±.02 
0.12 
PN 
60 DAS 
5.58±.04 
5.56±.04 
5.58±.05 
6.30±.04 
8.83±.04 
7.00±.05 
0.63 
90 DAS 
6.33±.03 
6.30±.02 
6.34±.04 
7.50±.03 
9.30±.06 
8.40±.06 
0.62 
Table 26. Effect of ethanol, Tween-20 and different concentrations (10''', 10'^  or 
10"** M) of SA on CAT [ji mol H2O2 decomposed (g FM)"*] and POX 
[units (g FM)~^ ] activity in Cicer arietinum at 60 and 90 DAS. Data are 
the mean of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Ethanol (5%) 
Tween-20 (0.5%) 
SA(IO-^M) 
SA (10-^ M) 
SA(10"^M) 
LSD @0.05 level 
60 DAS 
390±8.7 
393±8.5 
390±8.7 
420±7.7 
475±7.8 
448±4.7 
18.28 
CAT 
90 DAS 
418±8.7 
420±7.7 
421±7.7 
434±3.5 
502±5.7 
456±5.5 
16.81 
POX 
60 DAS 
14.01±0.04 
14.00±0.05 
14.05±0.05 
15.16±0.03 
19.15±0.04 
16.38±0.03 
1.03 
90 DAS 
16.11 ±0.03 
16.11±0.01 
16.11±0.03 
17.50±0.21 
23.4O±0.1 
18.40±0.15 
1.4 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass 
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4.3.12 Antioxidative enzyme activities 
The activity of antioxidative en2ymes (CAT, POX and SOD) increased witli 
the age of the plant (Tables 26-27). Exogenous application of SA increased the 
activity of these enzymes, where, maximum response was generated in the plants, 
sprayed with 10"^  M of SA, showing a significant (p<0.05) increase of 21.8%, 20.1% 
(CAT); 36.7%, 45.2% (POX) and 42.3%, 44.1% (SOD) at 60 and 90 DAS, 
respectively, compared to the control. However, on the other hand, a statistically 
equal (p<0.05) response of ethanol or tween-20 application was observed with that of 
control, at 60 and 90 DAS (Tables 26-27). 
4.3.13 Proline content in leaves 
The proline content in leaves increased as the age of the plant progressed from 
60 to 90 DAS (Table 27). Foliar spray of plants with SA (irrespective of the 
concentration used) resulted in a significantly (p<0.05) higher level of proline in the 
leaves, compared to the control. However, while comparing the effect of different 
concentrations (10"^ , 10'^  or 10"^  M) of SA on endogenous proline content, 10'^  M 
proved to be the best showing a significant (p<0.05) increase of 51.0% and 43.1% at 
60 and 90 DAS, respectively, compared to the control, whereas, the effect of ethanol 
or tween-20 proved to be non-significant (p<0.05) compared to control, at both the 
sampling stages. 
4.3.14 Leaf water potential 
The leaf water potential increased by the application of SA (irrespective of the 
concentration used) i.e. less negative values were revealed, compared to the control 
(Table 27). However, among the different concentrations of SA sprayed, 10"^  M 
proved to be the best and significantly (p<0.05) enhanced the leaf water potential by 
60.0% and 55.4% at 60 and 90 DAS, respectively, compared to the control. However, 
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on the other hand, treatment of plants with ethanol or tween-20, revealed the values 
that did not differ significantly (p<0.05) from that of control. 
4.4 Experiment 4 
This experiment was conducted with an aim to study the effect of proline on 
the Cd induced changes in chickpea. The details of experimental conditions are given 
in materials and method section. The results of this experiment are briefly discussed 
below. 
4.4.1 Growth characteristics 
The spraying of plants with 20 mM proline resulted in a significant (p<0.05) 
increase in all the growth parameters, by 25.3%, 30.2% (root length); 25.8%, 29.8% 
(shoot length); 33.3%, 33.6% (plant fresh mass); 40.0%, 41.2% (plant dry mass) at 60 
and 90 DAS, respectively, over the confrol (Figure 7). Further, the exogenous 
application of 20 mM proline completely alleviated the ill effects generated by 25 mg 
of Cd on all the growth characteristics. However, the plants grown in the soil 
supplemented with 50 mg of Cd per kg soil and also sprayed with 20 mM of proline, 
revealed the values for all the growth characteristics, that was not statistically 
different (p<0.05) from that of control, whereas the plants fed with Cd at the rate of 
100 mg per kg of soil and also sprayed with 20 mM of proline , shows a significant 
(p<0.05) reduction of 20.0%, 22.5% (root length); 11.9%, 10.0% (shoot length); 
14.2%, 15.7% (plant fresh mass); 16.7%, 17.6% (plant dry mass) at 60 and 90 DAS, 
compared to the control (Figure 7). 
4.4.2 Nodulatjon 
The nodulation parameters (number of nodules, fresh and dry mass of nodules) 
also followed the same pattern as that of growth characteristics. The spray of 20 mM 
proline to the foliage of unsfressed plants resulted in a significant (p<0.05) increase in 
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Figure 7. Effect of proline (20 mM) on the Cd (0, 25, 50 or 100 mg per kg of soil) induced 
changes in root length (a), shoot length (b), fresh mass (c) and dry mass (d) per 
plant in Cicer arietinum at 60 and 90 days after sowing (DAS). Data are the 
mean of three independent replicates. Vertical bars represent standard error (±) 
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nodule number (40.4%, 38.9%), nodule fresh mass (28.9%, 29.1%) and nodule dry 
mass (53.1%, 50.0%), at 60 and 90 days of sampling, over their controls (Figure 8). A 
foliar spray of 20 mM proline to the plants fed with Cd (25 mg), increased the values 
of nodule number (17.0%, 14.8%), nodule fresh mass (16.8%, 9.8%) and nodule dry 
mass (21.9%, 20.0%) at 60 and 90 DAS, respectively, compared to the control. 
Further, spraying of plants with 20 mM proline also alleviated the ill effects generated 
by Cd (50 mg), bringing the values statistically equal (p<0.05) to the control. 
However, the plants supplemented with Cd (100 mg) and also sprayed with 20 mM of 
proline showed a significant (p<0.05) reduction in nodule number (21.3%, 24.1%), 
nodule fresh mass (18.3%, 13.1%) and nodule dry mass (21.9%, 20.0%) at 60 and 90 
DAS, respectively, compared to the control (Figure 8). 
4.4 J Leghemoglobin content in nodules 
The leghemoglobin content in fresh nodules followed a pattern similar to that 
of nodule carbohydrate content. A significant (p<0.05) increase of 26.2% and 32.0% 
at 60 and 90 DAS, respectively, compared to the control was observed in 
leghemoglobin content of unstressed plants, sprayed exogenously with proline, 
whereas, the same spray to the plants fed with 50 mg Cd revealed the values for 
leghemoglobin content that were statistically equivalent (p<0.05) to that of control, at 
both the sampling stages. Spraying of proline to the foliage of the plants grown in soil 
supplemented with 25 mg cadmium per kg of soil, resulted in a significant (p<0.05) 
increase in the said parameter by 11.9% and 8.0% at 60 and 90 DAS, respectively, 
compared to the control. However, on the other hand, the leghemoglobin content in 
the nodules of the plants fed with Cd (100 mg) and also sprayed with 20 mM of 
proline possessed significantly (p<0.05) lower values at both the sampling stages, 
compared to the control (Figure 8). 
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Figure 8. Effect of proline (20 mM) on the Cd (0, 25, 50 or 100 mg per kg of soil) induced 
changes on nodule number (a), nodule fresh mass (b), nodule dry mass (c) and 
nodule leghemoglobin content (d) in Cicer arietimm at 60 and 90 days after 
sowing (DAS). Data are the mean of three independent replicates. Vertical bars 
represent standard error (±) 
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4.4.4 Carbohydrate content in noduies 
The carbohydrate content was significantly (p<0.05) increased in unstressed 
plants by the application of 20 mM of proline over the control at 60 (20.7%) and 90 
(17.9%) DAS. The stress generated by Cd (25 mg) was completely overcome and the 
values were increased by 9.3% and 8.6% at 60 and 90 DAS, respectively, over the 
control. Whereas, the plants fed with Cd (50 mg) and also sprayed with 20 mM of 
proline possessed statistically equivalent value of carbohydrate content to that of 
control at both the sampling stages. However, the carbohydrate content in the nodules 
of the plants fed with Cd (100 mg) and also sprayed with 20 mM of proline possessed 
significantly (p<0.05) lower values at 60 (15.7%) and 90 (16.8%) DAS, compared to 
the control (Table 28). 
4.4.5 Nitrogenase activity in nodules 
The nitrogenase activity increased significantly (p<0.05) by 20.3% and 22.9% 
at 60 and 90 DAS, respectively, compared to the control, in the unstressed plants 
sprayed exogenously with 20 mM proline (Table 28). The application of proline to the 
foliage of plants that received Cd (25 mg) resulted in a significantly (p<0.05) 
enhanced activity of nitrogenase at 60 (6.6%) and 90 (9.3%), DAS, over that of the 
control. Further, the proline treated plants, previously fed with Cd (50 mg), exhibited 
the nitrogenase activity comparable to that of the control plants at both the sampling 
stages. However, the proline spray proved to be inefficient in alleviating the negative 
effects generated by Cd (100 mg), where a significant (p<0.05) drop of 9.8% and 
7.1% in the nitrogenase activity was recorded at the two sampling stages, 
respectively, compared to the untreated control. 
Table 28. Effect of proline (20 mM) on the Cd (0, 25, 50 or 100 mg per kg of soil) 
induced changes in carbohydrate content (%) and nitrogenase activity 
[n mol C2H5 (g nodule FM)'^ ] in nodules of Cicer arietinum at 60 and 90 
DAS. Data are the mean of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (0 mg) + Proline 
Cd (25 mg) + Proline 
Cd (50 mg) + Proline 
Cd(100mg) +Proline 
LSD @ 0.05 
Carbohydrate content 
60 DAS 
14.00±0.32 
16.90±0.24 
15.3O±0.17 
14.50±0.23 
11.80±0.21 
0.65 
90 DAS 
16.11±0.29 
19.00±0.17 
17.50±0.26 
15.91±0.20 
13.40±0.25 
0.73 
Nitrogenase 
60 DAS 
335±6.1 
403±4.7 
357±4.9 
340±5.2 
302±5.8 
14 
activity 
90 DAS 
366±5.8 
450±4.6 
400±6.3 
378±4.3 
340±3.5 
16 
Table 29. Effect of proline (20 mM) on the Cd (0, 25, 50 or 100 mg per kg of soil) 
induced changes on GS [fi mol yGH (gFM)'^ h''] and GOGAT [n mol 
NADHox (gFM)'^ h~'] activity in nodules of Cicer arietinum at 60 and 90 
DAS. Data are the mean of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (0 mg) + Proline 
Cd (25 mg) + Proline 
Cd (50 mg) + Proline 
Cd(100mg) +Proline 
LSD @ 0.05 
GS 
60 DAS 
271±3.2 
325±3.5 
299±4.2 
280±2.3 
222±3.8 
11 
activity 
90 DAS 
287±2.9 
346±3.8 
310±3.2 
286±2.3 
230±3.6 
18 
GOGAT activity 
60 DAS 
129±3.2 
179±3.5 
152±3.8 
139±2.9 
115±3.2 
12 
90 DAS 
138±3.5 
19l±3.2 
162±2.3 
149±2.9 
128±3.2 
15 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass; yGH = y-Glutamyl hydroxamate 
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4.4.6 GS, GOGAT and GDH activities in nodules 
The activity of the enzymes GS, GOGAT and GDH followed the same pattern 
as was observed in case of nitrogenase activity. The unstressed plants sprayed with 20 
mM proline, exhibited significantly (p<0.05) higher activity of enzymes GS (19.9%, 
20.6%), GOGAT (38.8%, 38.4%) and GDH (40.1%, 42.5%) in nodules, compared to 
the control, at 60 and 90 DAS, respectively (Tables 29-30). Further, foliar application 
of 20 mM proline to the plants grown in soil contaminated with 25 mg Cd, 
significantly (p<0.05) increased the activity of enzymes by 10.3%, 8.0% (GS), 17.8%, 
17.4% (GOGAT) and 20.1%, 19.0% (GDH) at 60 and 90 DAS, respectively, over that 
of control, whereas, the plants fed with Cd (50 mg) and also sprayed with 20 mM of 
proline, possess statistically equal value to that of control, at both the sampling stages 
for all the enzymes. However, the plants exposed to Cd (100 mg) and also received 
proline as foliar spray possess significantly (p<0.05) lower value for GS (18.1%, 
19.9%), GOGAT (10.8%, 7.2%) GDH (15.6%, 17.5%) at 60 and 90 DAS, 
respectively, compared to the control (Tables 29-30). 
4.4.7 Nitrate content in roots 
The exogenous application of 20 mM proline, significantly (p<0.05) increased 
the nitrate content by 22.6%, 24.1% in unstressed plants and 9.5%, 7.6% in plants 
exposed to Cd (25 mg) at 60 and 90 DAS, respectively, compared to the control. 
Whereas, plants receiving Cd (50 mg) and also sprayed with 20 mM proline possessed 
significantly (p<0.05) equal value for nitrate content with respect to control (Table 
30). However, the nitrate content in the roots of the plants fed with Cd (100 mg) and 
also sprayed with 20 mM of proline possessed significantly (p<0.05) lower values at 
60 (10.9%) and 90 (13.1%) DAS, compared to the control (Table 30) 
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4.4.8 Leaf nitrogen content 
The foliar application of 20 mM proline significantly (p<0.05) increased the 
value of nitrogen content by 36.5%, 42.0% in unstressed plants and 12.1%, 8.6% in 
plants exposed to Cd (25 mg) recorded at 60 and 90 DAS, respectively, compared to 
the control (Table 31). Further, the plants received Cd (50 mg) and also sprayed with 
20 mM of proline also exhibited significantly (p<0.05) higher value for leaf nitrogen 
content at both the sampling stages compared to the control (Table 31). However, the 
leaf nitrogen content was found to be 10.9% and 13.1% lower at 60 and 90 DAS, 
respectively, compared to the control. 
4.4.9 Nitrate reductase (NR) activity in leaves 
The application of 20 mM of proline to the foliage of unstressed plants 
enhanced significantly (p<0.05) the activity of NR by 19.9% and 29.3% at 60 and 90 
DAS, respectively over the control (Table 31). Further, the NR activity in plants fed 
with Cd (25 mg) and also sprayed with 20 mM of proline was found to be 12.1% and 
14.8% higher over that of control at the two sampling stages whereas the activity of 
this enzyme in plants exposed to 50 mg Cd and also sprayed with 20 mM of proline 
was found to be statistically equal to that of the control at both sampling stages. 
However, the plants fed with Cd (100 mg) and also sprayed with proline showed a 
significant (p<0.05) reduction of 8.2% and 8.2% in NR activity at 60 and 90 DAS, 
respectively compared to control (Table 31). 
4.4.10 Carbonic anhydrase (CA) activity in leaves 
The CA activity in unstressed plants was significantly (p<0.05) increased by 
the foliar application of 20 mM of proline over that of control at 60 (33.3%) and 90 
(40.9%) DAS (Table 32). Like NR, the activity of CA in plants fed with Cd 
supplemented at the rate of 25 mg per kg of soil and also sprayed with 20 mM of 
Table 30. Effect of proline (20 mM) on the Cd (0,25, 50 or 100 mg per kg of soil) 
induced changes in GDH activity [fi mol NADHox (gFM)"*h''l in 
nodules and nitrate content (mg g DM) in roots of Cicer arietinum at 
60 and 90 DAS. Data are the mean of three independent replicates 
(±SE) 
Treatments 
Control (DDW) 
Cd (0 mg) + Proline 
Cd (25 mg) + Proline 
Cd (50 mg) + Proline 
Cd(100mg) +Proline 
LSD @ 0.05 
GDH activity 
60 DAS 
29.4±1.2 
41.2±1.1 
35.3±1.3 
30.0±1.8 
24.8±1.1 
2.7 
90 DAS 
31.5±1.2 
44.9±1.1 
37.5±1.9 
31.8±1.3 
26.0±1.3 
4.3 
Nitrate content 
60 DAS 
137±3.2 
168±2.1 
150±2.9 
142±1.7 
122±2.3 
6.0 
90 DAS 
145±2.6 
18at3.2 
156±1.7 
147±2.3 
126±2.6 
7.0 
Table 31. Effect of proline (20 mM) on the Cd (0, 25,50 or 100 mg per kg of soil) 
induced changes on leaf nitrogen content (%) and NR activity [n mol NOj 
h'^ g'^ FM] in Cicer arietinum at 60 and 90 DAS. Data are the mean of three 
independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (0 mg) + Proline 
Cd (25 mg) + Proline 
Cd (50 mg) + Proline 
Cd(100mg) +Proline 
LSD @ 0.05 
Nitrogen content 
60 DAS 
3.15±0.02 
4.30±0.04 
3.53±0.03 
3.33±0.02 
2.70±0.03 
0.12 
90 DAS 
3.50±0.03 
4.97±0.02 
3.80±0.05 
3.63±0.03 
2.99±0.02 
0.12 
NR activity 
60 DAS 
281±3.8 
337±4.04 
315±3.60 
294±3.21 
258±2.89 
19 
90 DAS 
317±3.2 
410±4.3 
364±3.5 
335±2.3 
29U3.5 
20 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass; DM = Dry mass 
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proline was found to be 20.0% and 18.9% higher over the control at 60 and 90 DAS, 
respectively. However, the application of proline to the foliage of plants fed with Cd 
(50 mg) generated the values of CA that were statistically equal to that of the control. 
The activity of CA in plants exposed to Cd supplied at the rate of 100 mg per kg of 
soil and also sprayed exogenously with 20 mM of proline possessed significantly 
(p<0.05) lower values at 60 (14.8%) and 90 (16.1%) DAS, compared to the-control 
(Table 32). 
4.4.11 Photosynthetic parameters 
Exogenous application of 20 mM proline to the unstressed plants resulted in a 
significant (p<0.05) increase of 25.0%, 24.0% (gs), 23.0%, 20.3% (CO, 68.3%, 64.4% 
(WUE), 25.3%, 29.0% (E), 25.0%, 22.9% (PN) at 60 and 90 DAS, respectively over 
that of the untreated control (Tables 32-34). Further, the foliar application of 20 mM 
of proline alleviated the stress generated by Cd (25 mg) where a significant (p<0.05) 
increase of 13.0%, 10.9% (gs); 14.1%, 11.8% (d); 29.3%, 26.7% (WUE); 8.2%, 8.1% 
(E) and 14.1%, 11.2% (PN) was recorded at 60 and 90 DAS, respectively, compared to 
the control. The values of almost all these photosynthetic parameters, in the plants fed 
with Cd supplied at the rate of 50 mg per kg of soil, were found to be statistically 
equal (p<0.05) to that of the control, at both the sampling stages. However, like other 
parameters the foliar application of proline to the plants receiving Cd (100 mg) 
showed a significant (p<0.05) reduction of 10.0%, 9.7% (gs), 9.9%, 11.8% (CO, 
43.9%, 42.2% (WUE), 20.0%, 22.6% (E) and 22.0%, 25.0% (PN) at 60 and 90 DAS, 
respectively, compared to the control (32-34). 
4.4.12 Antioxidative enzyme activities 
The activity of antioxidative enzymes followed a pattern that was completely 
different from that of other enzymes. The foliar application of 20mM of proline to the 
Table 32. Effect of proline (20 mM) on the Cd (0,25, 50 or 100 mg per kg of soil) 
induced changes in CA activity [mol (CO2) Kg* leaf (F.M)] and g, (mol 
m'^  sec"*) in Cicer arietinum at 60 and 90 DAS. Data are the mean of 
three independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (0 mg) + Proline 
Cd (25 mg) + Proline 
Cd (50 mg) + Proline 
Cd(100mg) +Proline 
LSD @ 0.05 
CA activity 
60 DAS 
2.70±0.03 
3.60±0.05 
3.24±0.05 
2.93±0.05 
2.30±0.04 
0.24 
90 DAS 
2.86±0.08 
4.03±0.06 
3.40±0.06 
3.01±0.04 
2.40±0.04 
0.28 
gs 
60 DAS 
0.300±0.011 
0.375±0.020 
0.339±0.006 
0.312±0.010 
0.270±0.020 
0.01 
90 DAS 
- 0.32l±0.01 
0.398±0.04 
0.356±0.02 
0.330±0.04 
0.290±0.005 
0.09 
Table 33. EfTect of proline (20 mM) on the Cd (0,25, 50 or 100 mg per kg of soil) 
induced changes in Cj (ppm) and WUE (g kg*) in Cicer arietinum at 60 
and 90 DAS. Data are the mean of three independent replicates (± SE) 
Control (DDW) 
Cd (0 mg) + Proline 
Cd (25 mg) + Proline 
Cd (50 mg) + Proline 
Cd(100mg) +Proline 
LSD @ 0.05 
Ci 
60 DAS 
283±2.6 
348±3.0 
323±2.1 
300±3.2 
255±3.9 
18 
90 DAS 
306±3.6 
368±2.9 
342±3.5 
317±2.5 
270±3.2 
20 
WUE 
60 DAS 
0.41±0.02 
0.69±0.01 
0.53±0.02 
0.46±0.02 
0.23±0.02 
0.07 
90 DAS 
0.45±0.02 
0.74±0.01 
0.57±0.01 
0.4^0.01 
0.26±0.01 
0.05 
DAS - Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
F.M = Fresh mass 
Table 32. Effect of proline (20 mM) on the Cd (0, 25, 50 or 100 mg per kg of soil) 
induced changes in C A activity [mol (CO2) Kg'^ leaf (F.M)] and gs (mol 
m'^  sec'^ ) in Cicer arietinum at 60 and 90 DAS. Data are the mean of 
three independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (0 mg) + Proline 
Cd (25 mg) + Proline 
Cd (50 mg) + Proline 
Cd(100mg) +Proline 
LSD @ 0.05 
CA activity 
60 DAS 
2.70±0.03 
3.6(>i0.05 
3.24±0.05 
2.93±0.05 
2.30±0.04 
0.24 
90 DAS 
2.86±0.08 
4.03±0.06 
3.40±0.06 
3.01±0.04 
2.40±0.04 
0.28 
& 
60 DAS 
0.300±0.011 
0.375±0.020 
0.339±0.006 
0.312±0.010 
0.270±0.020 
0.01 
90 DAS 
-0.321±0.01 
0.398±0.04 
0.356±0.02 
0.330±0.04 
0.290±0.005 
0.09 
Table 33. Effect of proline (20 mM) on the Cd (0,25, 50 or 100 mg per kg of soil) 
induced changes in Ci (ppm) and WUE (g kg"*) in Cicer arietinum at 60 
and 90 DAS. Data are the mean of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (0 mg) + Proline 
Cd (25 mg) + Proline 
Cd (50 mg) + Proline 
Cd(100mg) +Proline 
LSD @ 0.05 
C 
60 DAS 
283±2.6 
348±3.0 
323±2.1 
30a±3.2 
255±3.9 
18 
'i 
90 DAS 
306±3.6 
368±2.9 
342±3.5 
317±2.5 
270±3.2 
20 
WUE 
60 DAS 
0.41±0.02 
0.69±0.01 
0.53±0.02 
0.46±0.02 
0.23±0.02 
0.07 
90 DAS 
0.45±0.02 
0.74±0.01 
0.57±0.01 
0.49±0.01 
0.26±0.01 
0.05 
DAS == Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
F.M = Fresh mass 
Table 34. Effect of proline (20 mM) on the Cd (0, 25, 50 
induced changes E (m mol m'^ sec'*) and PN 
Cicer arietinum at 60 and 90 DAS. Data 
independent replicates (± SE) 
or 100 mg per kg of soil) 
(m mol CO2 m' sec'') in 
are the mean of three 
Treatments 
Control (DDW) 
Cd (0 mg) + Proline 
Cd (25 mg) + Proline 
Cd (50 mg) + Proline 
Cd(100mg) +Proline 
LSD @ 0.05 
E 
60 DAS 
1.70±0.02 
2.13±0.01 
1.84±0.01 
1.69±0.02 
1.36±0.02 
0.02 
90 DAS 
1.86±0.01 
2.40±0.02 
2.01i:0.06 
1.76±0.02 
1.44±0.01 
0.09 
PN 
60 DAS 
7.00±0.1 
8.75±0.05 
7.99±0.06 
7.29±0.5 
5.46±0.1 
0.4 
90 DAS 
7.69±0.06 
9.45±0.09 
8.55±0.12 
7.79±0.1 
5.77±0.13 
0.5 
Table 35. Effect of proline (20 mM) on the Cd (0, 25, 50 or 100 mg per kg of soil) 
induced changes on CAT [fi mol H2O2 decomposed (g FM)'] and FOX 
[units (g FM) ] activity in Cicer arietinum at 60 and 90 DAS. Data are the 
mean of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (0 mg) + Proline 
Cd (25 mg) + Proline 
Cd (50 mg) + Proline 
Cd(100mg) +Proline 
LSD @ 0.05 
60 DAS 
382±4.9 
420±3.8 
439±2.6 
455±3.5 
480±3.2 
17 
CAT 
90 DAS 
403±4.04 
451±3.8 
472±3.5 
500±4.3 
530±3.2 
19 
POX 
60 DAS 
13.7±0.58 
16.7±0.49 
18.2±0.35 
21.2±0.29 
24.0±0.58 
2.2 
90 DAS 
15.2±0.38 
19.0±0.32 
21.7±0.47 
24.0±0.60 
27.8±0.32 
2.5 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass 
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unstressed plants significantly (p<0.05) enhanced the enzyme activity by 9.9%, 11.9% 
(CAT), 21.9%, 25.0% (POX), and 21.4%, 26.4% (SOD) at 60 and 90 DAS, 
respectively, compared to the control (Tables 35-36). The exogenous application of 
20 mM of proline to the Cd fed plants resulted in higher activities of these enzymes 
compared to the unstressed plants sprayed with proline. The treatment resulted in a 
significant (p<0.05) increase of 14.9%, 17.1% (CAT), 32.8%, 42.8% (POX), 30.2%, 
31.4% (SOD) in plants fed with Cd supplied at the rate of 25 mg per kg of soil; 
19.1%, 24.1% (CAT), 54.7%, 57.9% (POX), 40.5%, 42.1% (SOD) in those fed with 
Cd (50 mg) and 25.6%, 31.5% (CAT), 75.2%, 82.9% (POX) and 52.4%, 61.4% 
(SOD) in the plants receiving 100 mg Cd, recorded at 60 and 90 DAS, respectively,^  
compared to the control (Tables 35-36). 
4.4.13 Proline content in leaves 
The foliar application of 20 mM proline significantly (p<0.05) increased the 
endogenous proline content in the unstressed plants by 39.8% and 38.7%, at 60 and 
90 DAS, compared to control (Table 36). Further the endogenous proline level 
experienced a sharp increase in the Cd fed plants when 20 mM proline was sprayed to 
their foliage. The endogenous proline level in the plants fed v^th 25, 50 or 100 mg Cd 
and sprayed with 20 mM of proline was increased significantly (p<0.05) by 52.9%, 
52.0; 65.0, 59.2%; and 81.7%, 81.1% recorded at 60 and 90 DAS, respectively, 
compared to their respective controls. 
4.4.14 Leaf water potential 
The data presented in table 36 reveals that the leaf water potential increased 
significantly (p<0.05) by 60.0% and 58.8% at 60 and 90 DAS respectively, compared 
to the control, in the unstressed plants sprayed with proline. The application of 20 mM 
of proline to the foliage of plants exposed to a Cd (25 mg) also resulted in a 
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significant (p<0.05) increase of 41.1% and 40.2% in leaf water potential at the two 
sampling stages respectively, compared to the control. However, on the other hand, 
the application of 20 mM proline to the foliage of plants fed with 50 or 100 mg Cd 
revealed the values of leaf water potential, that were statistically equal to that of the 
control (Table 36). 
4.4.15 Yield characteristics 
4.4.15.1 Number of pods per plant and number of seeds per pod 
The exogenous application of 20 mM of proline to the unstressed plants and to 
those fed with 25 mg of Cd significantly (p<0.05) enhanced the number of pods per 
plant by 50.0% and 25.8% respectively, compared to the control (Table 37). Further 
the number of pods was found to be statistically equal (p<0.05) to control in the plants 
exposed to Cd (50 mg) and also sprayed with proline, where as it was significantly 
(p<0.05) lower in the plants exposed to Cd (100 mg). On the other hand, the number 
of seeds per pod was found to be statistically non-significant (p<0.05), irrespective of 
the treatments. 
4.4.15.2 Seed yield and 100 seed mass 
The seed yield and 100 seed mass also followed the same pattern as was 
observed in number of pods per plant. A significant (p<0.05) increase of 88.6% (seed 
yield) and 31.9% (100 seed mass) was recorded in unstressed plants sprayed with 20 
mM of proline (Table 37). The foliar spray of proline to the plants exposed to Cd (25 
mg) also exhibited a significant (p<0.05) increase of 34.7% (seed yield) and 7.0% 
(100 seed mass) over control. A significant reduction of 12.1% (seed yield) and 
10.0% (100 seed mass) in the plants fed with Cd (50 mg) and also sprayed with 20 
mM of proline was observed compared to the control. The seed yield and 100 seed 
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mass in the plants sprayed with proline and also received Cd (100 mg).exhibited a 
significant reduction as compared to the control. 
4.4.15 J Seed protein content 
The application of 20 mM of proline to the foliage of unstressed plants and to 
those exposed to 25 mg Cd, increased the seed protein content significantly (p<0.05) 
by 11.2% and 6.8%, respectively, over that of control (Table 37). Further, the proline 
spray to the plants exposed to 50 mg Cd, revealed the values for seed protein content 
that were statistically equal (p<0.05) to that of the control. However, a significant 
(p<0.05) reduction of 9.7% in seed protein content was observed in the plants exposed 
to Cd (100 mg) compared to the control. 
4.5 Experiment 5 
This experiment was laid down to study the effect of SA on the Cd induced 
changes in chickpea. The plan of the experiment is described in materials and 
methods. The results of this experiment are briefly discussed below. 
4.5.1 Growth characteristics 
4.5.1.1 Length of root and shoot 
Foliar application of 10"^  M of SA significantly (p<0.05) increased the length 
of root and shoot by 33.3%, 40.0% and 29.4%, 30.2% in unstressed plants, 22.5%, 
26.1% and 16.7%, 18.0% in the plants exposed to Cd at the rate of 25 mg per kg of 
soil and 13.0%, 14.5% and 7.5%, 8.2% in the plants exposed to a Cd stress of 50 mg 
per kg of soil, at 60 and 90 DAS, respectively, over their controls (Figure 9). 
However, the spray proved to be inefficient in alleviating the stress generated by Cd, 
supplemented at the rate of 100 mg per kg of soil. 
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Figure 9. Effect of SA (10"^  M) on the Cd (0, 25, 50 or 100 mg per kg of soil) induced 
changes in root length (a), shoot length (b), fresh mass (c) and dry mass (d) per 
plant of Cicer arietinum at 60 and 90 days after sowing (DAS). Data are the mean 
of three independent replicates. Vertical bars represent standard error (±) 
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4.5.1.2 Fresh and dry mass per plant 
Exogenous application of 10'^  M of SA resulted in a significant (p<0.05) 
increase of 44.4%, 46.9% and 64.5%, 64.9% in the fresh and dry mass of unstressed 
plants and 17.8%, 21.2% and 19.3%, 13.5% in those exposed to Cd supplemented at 
the rate of 25 mg per kg of soil, at 60 and 90 DAS, respectively, compared to the 
control (Figure 9). Further, the fresh mass per plant was recorded to be statistically 
equal at day 60 to that of control in the plants fed with Cd at the rate of 50 mg per kg 
of soil, followed by foliar spray of 10"^  M of SA, whereas, at 90 DAS, the fresh mass 
per plant was recorded to be 10.0% higher compared to that of control. The hormonal 
spray resulted in a significant (p<0.05) increase of 12.9% and 5.4% at 60 and 90 
DAS, respectively, compared to the control, in the dry mass of the plants 
supplemented v^ ith 50 mg Cd per kg of soil. However, like that of root length and 
shoot length foliar spray of SA proved to be inefficient in alleviating the stress (Cd 
100 mg per kg of soil) generated in plants, where a percent reduction of 12.6,17.5 and 
16.1, 18.9 was recorded in fresh and dry mass per plant at 60 and 90 DAS, 
respectively, compared to the control. 
4.5.2 Nodulation 
The exogenous application of 10'^  M of SA significantly (p<0.05) increased 
the nodule number by 62.0% and 58.0% in unstressed plants, 26.2% and 24.0% in the 
plants exposed to 25 mg Cd per kg of soil at 60 and 90 DAS, respectively, compared 
to the control (Figure 10). The nodule number, after the foliar spray of SA was found 
to be statistically equal to that of control in the plants fed with 50 mg Cd per kg of 
soil, at 60 DAS, whereas, it was 14.0% higher than that of control at 90 DAS. A 
similar response was followed by fresh mass of nodules, where, a significant (p<0.05) 
increase of 40.0%, 37.2% and 22.4%, 24.9% was observed in unstressed plants and 
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those fed with 25 mg Cd per kg of soil, at 60 and 90 DAS, respectively, compared to 
the control. The nodule fresh mass in 50 mg Cd fed plants was statistically equal to 
that of the control at 60 DAS, whereas, at day 90, it increased significantly (p<0.05) 
by 8.1% compared to the control. The exogenous application of SA also resulted in a 
significant (p<0.05) increase of 76.7%, 59.5% (unstressed plants); 36.7%, 38.1% (25 
mg Cd) and 20.0%, 12.0% (50 mg Cd) in nodule dry mass at 60 and 90 DAS, 
respectively, compared to the control (Figure 10). 
4.5.3 Leghemoglobin content in nodules 
The leghemoglobin content in nodules followed a pattern that was similar to 
that of nodule carbohydrate content. Like carbohydrate content, the leghemoglobin 
content of nodules in the unstressed plants and also sprayed with SA was increased 
significantly (p<0.05) by 50.0% and 52.2% and in those fed with Cd (25 mg) by 
30.5% and 26.1% at 60 and 90 DAS, respectively, compared to the control (Figure 
10). However, the plants grown in Cd (50 mg per kg soil) and also received SA to 
their foliage possess 13.9% higher leghemoglobin content in their nodules at 60 DAS 
whereas at 90 DAS it was statistically equal to that of the control. The SA was 
ineffective to the plants grown in 100 mg Cd per kg of soil. 
4.5.4 Carbohydrate content in nodules 
The carbohydrate content in nodules of imstressed plants was increased 
significantly (p<0.05) by 23.3% and 26.2% and in those fed with Cd (25 mg) by 
12.9% and 11.9%, recorded at 60 and 90 DAS, respectively, over their controls when 
these plants were sprayed with 10'' M of SA at day 30, after sowing (Table 38). The 
spraying of plants exposed to 50 mg Cd per kg of soil with SA, however, revealed the 
value of carbohydrate content that was significantly (p<0.05) higher by 7.1% over 
control at 60 DAS, whereas, it was statistically equal to control at day 90, after 
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sowing. Like other parameters the spray, however, did not prove to be fruitful in 
alleviating the stress generated by 100 mg Cd per kg of soil, where reduction of 
12.3% and 16.0% compared to control at 60 and 90 DAS, respectively, was observed 
(Table 38). 
4.5.5 Nitrogenase activity in nodules 
The foliar application of 10"^  M of SA resulted in a significant (p<0.05) 
enhancement of 19.8%, 22.2% (unstressed plants); 9.3%, 10.3% (25 mg Cd) and 4.4% 
3.6% (50 mg Cd) in the nodule nitrogenase activity at 60 and 90 DAS, respectively, 
compared to the control (Table 38). Like other parameters, the foliar spray of SA did 
not prove to be beneficial in alleviating the stress generated by Cd supplemented at 
the rate of 100 mg per kg of soil (Table 38). 
4.5.6 Glutamine synthetase (GS) activity in nodules 
Application of 10'^  M of SA to the foliage resulted in a significant (p<0.05) 
increase of 25.2%, 24.6% (unstressed plants) and 15.1%, 12.1% (25 mg Cd) in GS 
activity at 60 and 90 DAS respectively, compared to the control (Table 39). The GS 
activity in the nodules of plants fed with Cd at the rate of 50 mg per kg of soil and 
also sprayed with SA was found to be statistically equal to that of the control at both 
the growth stages. Whereas, plants grown in 100 mg Cd per kg of soil and also 
received SA as spray possess 16.5% and 18.7% lower value as compared to control, at 
60 and 90 DAS. 
4.5.7 Glutamate synthase (GOGAT) activity in nodules 
The foliar application of SA significantly (p<0.05) enhanced the activity of 
enzyme GOGAT by 49.6%, 51.7% (unstressed plants); 24.8%, 26.2% (25 mg Cd) and 
13.5%, 13.8% (50 mg Cd) at 60 and 90 DAS, respectively, compared to the control. 
However, the nodules of the plants received SA in association with Cd (100 mg per 
Table 38. Effect of SA (10 * M) on the Cd (0, 25, 50 or 100 mg per kg of soil) 
induced changes in carbohydrate content (%) and nitrogenase activity 
(n mol C2H5 (g nodule FM)'^ 1 in nodules of Cicer arietinum at 60 and 90 
DAS. Data are the mean of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (Omg) + SA 
Cd (25nig) + SA 
Cd (50mg) + SA 
Cd(100mg) + SA 
LSD at 0.05 level 
Carbohydrate content 
60 DAS 
15.50±0.10 
19.12±0.10 
n.50±0M 
16.60±0.10 
13.60±0.05 
0.73 
90 DAS 
17.51±0.08 
22.10±0.06 
19.60±0.20 
18.25±0.14 
14.70±0.11 
0.82 
Nitrogenase activity 
60 DAS 
343±3.5 
411±4.3 
375±3.5 
358±2.9 
325±3.2 
10 
90 DAS 
360±3.8 
440±4.1 
397±2.9 
373±3.2 
349±3.5 
12 
Table 39. Effect of SA (10'^  M) on the Cd (0, 25, 50 or 100 mg per kg of soil) 
induced changes on GS [jt mol yGH (gFM)'*h''| and GOGAT [ji mol 
NADHox (gFM)"'h"'l activity in nodules of Cicer arietinum at 60 and 90 
DAS. Data are the mean of three independent replicates (± SE) 
Treatm en t <» 
Control (DDW) 
Cd (Omg) + SA 
Cd (25mg) + SA 
Cd (50mg) + SA 
Cd(100mg) + SA 
LSD at 0.05 level 
GS 
60 DAS 
278±3.5 
348±2.9 
320±3.8 
290±3.2 
232±3.8 
22 
activity 
90 DAS 
305±4.1 
380±3.8 
342±3.5 
308±4.6 
248±5.8 
26 
GOGAT 
60 DAS 
133±2.9 
199±3.5 
166±2.3 
151±2.9 
131±3.8 
12 
activity 
90 DAS 
145±2.9 
220±3.5 
183±3.2 
165±2.3 
139±2.3 
17 
DAS - Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass; yGH = y-Glutamyl hydroxamate 
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kg of soil) possess statistically equal value for GOGAT with control at both the 
sampling stages (Table 39). 
4.5.8 Glutamate dehydrogenase (GDH) activity in nodules 
The GDH activity also followed a similar pattern with that of GOGAT activity 
(Table 40). Treatment of foliage with 10"" M of SA resulted in a significant (p<0.05) 
enhancement of 51.9%, 52.8% (unstressed plants); 26.6%, 24.9% (25 mg Cd) and 
14.3%, 10.8% (50 mg Cd) in nodule GDH activity, respectively, recorded at 60 and 
90 DAS, compared to the control. However, the nodules of the plants grown in the 
soil supplemented with 100 mg Cd per kg of the soil and also received SA to the 
foliage possess 12.33% and 14.41% lower GDH activity as compared to control at 60 
and 90 DAS, respectively (Table 40). 
4.5.9 Nitrate content in roots 
The nitrate content in roots significantly (p<0.05) increased by 32.6%, 38.51% 
(unstressed); 12.8%, 12.8% (25 mg Cd) and 5.0%, 5.4% (50 mg Cd) in, the plants 
which also received SA to their foliage, recorded at 60 and 90 DAS, respectively, 
over control (Table 40). However, nitrate content in roots of the plants fed with Cd 
(100 mg) and also sprayed with SA was foimd to be 7.8% and 8.1% lower at 60 and 
90 DAS, respectively, compared to the control. 
4.5.10 Leaf nitrogen content 
The leaf nitrogen content was found to be 38.1%, 40.4%; 13.7%, 7.3% and 
8.8%, 2.5% higher in response to the exogenous application of SA, in unstressed 
plants, those supplemented with Cd at the rate of 25 mg per kg soil and in those fed 
with Cd at the rate of 50 mg per kg soil (Table 41). However, nitrogen content in 100 
mg Cd fed plants which also received SA was still found to be lower by 5.5% and 
15.8% at 60 and 90 DAS respectively, compared to the control (Table 41). 
Table 40. Effect of SA (10"^  M) on the Cd (0, 25, 50 or 100 mg per kg of soil) 
induced changes in GDH activity [fi mol NADHox (gFM)"*h^ l in 
nodules and nitrate content (mg g DM) in roots of Cicer arietinum at 
60 and 90 DAS. Data are the mean of three independent replicates 
(±SE) 
Treatments 
Control (DDW) 
Cd (Omg) + SA 
Cd (25mg) + SA 
Cd (50mg) + SA 
Cd(100mg) + SA 
LSD at 0.05 level 
GDH activity 
60 DAS 
30.8±0.6 
46.8±1.1 
39.0±1.1 
35.2±0.6 
27.0±1.1 
3.5 
90 DAS 
33.3±0.6 
50.9±L1 
41.6±0.8 
36.9±1.2 
28.5±0.6 
4.0 
Nitrate content 
60 DAS 
141±3.2 
187±2.3 
159±2.6 
148±2.1 
130±1.7 
5.2 
90 DAS 
148±3.8 
205±4.0 
167±3.6 
156±3.2 
136±2.3 
4.9 
\-S Table 41. Effect of SA (10"' M) on the Cd (0, 25, 50 or 100 mg per kg of soil) 
induced changes on leaf nitrogen content (%) and NR activity [n mol 
NO2 h'^ g'^ FM] in Cicer arietinum at 60 and 90 DAS. Data are the mean 
of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (Omg) + SA 
Cd (25mg) + SA 
Cd (50mg) + SA 
Cd(100mg) + SA 
LSD at 0.05 level 
Nitrogen content 
60 DAS 
3.07±0.05 
4.24±0.04 
3.49±0.03 
3.34±0.02 
2.90±0.03 
0.12 
90 DAS 
3.56±0.02 
5.00±0.03 
3.82±0.03 
3.65±0.02 
3.02±0.04 
0.15 
NR 
60 DAS 
273±3.2 
335±3.5 
318±3.8 
296±2.3 
255±2.9 
13 
activity 
90 DAS 
305i2.9 
389±3.5 
340±3.8 
322±2.3 
281 ±4.0 
16 
DAS = Days after severing; LSD = Least significant difference; S.E. = Standard error; 
FM =^  Fresh mass; DM = Dry mass 
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4.5.11 Nitrate reductase (NR) activity in leaves 
Highest NR activity was observed in unstressed plants when SA was sprayed 
exogenously to the foliage (Table 41). Further, in Cd stressed plants, the activity of 
NR showed significant (p<0.05) increase under the influence of exogenous SA, which 
decreased with increasing concentration of the metal. The recorded activity of this 
enzyme was found to be 22.7%, 27.5% (unstressed); 16.5%, 11.5% (25 mg Cd) and 
8.4%, 5.6% (50 mg Cd) higher at 60 and 90 DAS, respectively, over the control. 
However, a decline in the activity of NR at both the sampling stages was recorded in 
the plants fed with Cd at the rate of 100 mg per kg of soil compared to the control 
even after SA was applied as foliar spray (Table 41). 
4.5.12 Carbonic anhydrase (CA) activity in leaves 
The activity of CA followed a pattern similar to that of NR. The plants 
received 100 mg Cd and also sprayed vdth SA exhibited a lower activity of CA 
compared to the control, at both the sampling stages (Table 42). The application of 
SA to the foliage, however, resulted in a significant (p<0.05) increase of 47.3%, 
58.0% (unstressed); 28.1%, 33.9% (25 mg Cd) and 12.9%, 13.9% (50 mg Cd) at the 
two sampling stages, respectively, in the activity of CA compared to the control 
(Table 42). 
4.5.13 Photosynthetic parameters 
The foliar application of 10"^  M of SA resulted in a significant (p<0.05) 
increase of 30.3%, 31.7% (gs); 33.1%, 35.6% (Ci); 86.8%, 92.7% (WUE); 37.7%, 
40.1% (E) and 59.5%, 55.7% (PN) at 60 and 90 DAS, respectively in unstressed 
plants, over their controls (Tables 42-44). The SA treatment alleviated the stress 
generated by Cd supplemented at the rate of 25 or 50 mg per kg of soil. An increase 
of 16.9%, 18.3% (gs); 17.1%, 15.9% (Ci); 36.8%, 41.5% (WUE); 11.3%, 10.2% (E) 
Table 42. Effect of SA (10"' M) on the Cd (0, 25, 50 or 100 mg per kg of soil) 
induced changes in CA activity [mol (CO2) Kg'^  leaf (F.M)} and gg (mol 
m~^  sec'*) in Cicer arietinum at 60 and 90 DAS. Data are the mean of 
three independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (Omg) + SA 
Cd (25mg) + SA 
Cd (50mg) + SA 
Cd (lOOmg) + SA 
LSD at 0.05 level 
CA activity 
60 DAS 
2.56±0.02 
3.77±0.02 
3.28±0.05 
2.89±0.03 
2.30±0.02 
0.15 
90 DAS 
2.74±0.06 
4.33±0.06 
3.67±0.07 
3.12±0.06 
2.46±0.07 
0.22 
g 
60 DAS 
0.307±0.003 
0.400±0.002 
0.359±0.002 
0.330±0.004 
0.288±0.001 
0.01 
>s 
90 DAS 
0.328±0.004 
0.432±0.005 
0.388±0.006 
0.346±0.006 
0.305±0.004 
0.01 
Table 43. Effect of SA (10"' M) on the Cd (0, 25, 50 or 100 mg per kg of soil) 
induced changes in Cj (ppm) and WUE (g kg"^ ) in Cicer arietinum at 60 
and 90 DAS. Data are the mean of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (Omg) + SA 
Cd (25mg) + SA 
Cd (50mg) + SA 
Cd(100mg) + SA 
LSD at 0.05 level 
Ci 
60 DAS 
275±4.1 
366±3.2 
322±3.8 
295±2.9 
260±3.5 
17 
90 DAS 
289±3.2 
392±2.3 
335±2.9 
307±3.2 
271±3.5 
16 
WUE 
60 DAS 
0.38±0.02 
0.71±0.01 
0.52±0.06 
0.45±0.02 
0.26±0.01 
0.05 
90 DAS 
0.41 ±0.02 
0.79±0.02 
0.58±0.006 
0.47±0.03 
0.27±0.006 
0.04 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
F.M = Fresh mass 
Table 44. Effect of SA (10 ^  M) on the Cd (0, 25, 50 or 100 mg per kg of soil) 
induced changes on E (m mol m'^ sec"*) and PN (m mol CO2 m" sec'*) in 
Cicer arietinum at 60 and 90 DAS. Data are the mean of three 
independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (Omg) + SA 
Cd (25mg) + SA 
Cd (50mg) + SA 
Cd(100mg) + SA 
LSD at 0.05 level 
E 
60 DAS 
1.59±0.01 
2.19±0.01 
1.77±0.006 
1.67±0.02 
1.35±0.02 
0.07 
90 DAS 
1.67±0.01 
2.34±0.006 
1.84±0.02 
1.71±0.03 
1.40±0.01 
0.08 
PN 
60 DAS 
5.83±0.03 
9.30±0.06 
7.87±0.06 
6.94±0.02 
5.26±0.6 
0.50 
90 DAS 
6.36±0.02 
9.90±0.02 
8.20±0.01 
7.63±0.01 
5.92±0.02 
0.49 
Table 45. Effect of SA (lO'^  M) on the Cd (0, 25, 50 or 100 mg per kg of soil) 
induced changes on CAT {\i mol H2O2 decomposed (g FM)'*] and POX 
[units (g FM) ] activities in Cicer arietinum at 60 and 90 DAS. Data are 
the mean of three independent replicates (± SE) 
Treatments 
Control (DDW) 
Cd (Omg) + SA 
Cd (25mg) + SA 
Cd (50mg) + SA 
Cd(100mg) + SA 
LSD at 0.05 level 
CAT 
60 DAS 
395±3.5 
454±3.8 
476±2.3 
497±4.6 
527±5.5 
16 
90 DAS 
415±4.6 
486±4.0 
514±4.3 
545±5.2 
573±4.0 
18 
POX 
60 DAS 
13.2±1.15 
17.2±0.72 
I8.6±0.61 
21.8±0.78 
24.5±0.58 
2.0 
90 DAS 
14.6±0.80 
19.7±0.75 
21.0±1.15 
25.3±0.75 
28.5±0.60 
2.8 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass 
85 
and 35.0%, 28.9% (PN) at 60 and 90 DAS, respectively, over the control was observed 
in the plants fed with Cd at the rate of 25 mg per kg of soil and also sprayed with SA. 
Further the increase in gs, Ci, WUE, E and PN in the plants supplemented with Cd at 
the rate of 50 mg per kg of soil followed by foliar spray of SA at day 30, after sowing, 
was found to be 7.5%, 5.5%; 7.3%, 6.2%; 18.4%, 14.6%; 5.03%, 2.4% and 19.0%, 
20.0% at 60 and 90 DAS, respectively, over control. However, the spray did not prove 
to be fruitful in alleviating the stress generated by Cd supplemented at the rate of 100 
mg per kg of soil (Tables 42-44). 
4.5.14 Antioxidative enzyme activities 
Application of 10" M of SA to the foliage of unstressed plants resulted in a 
significant (p<0.05) increase of 14.9%, 17.1% (CAT); 30.3%, 34.9% (POX) and 
27.7%, 30.0% (SOD) at 60 and 90 DAS, respectively, compared to the control (Tables 
45-46). Further, when SA was applied exogenously to the Cd stressed plants, a sharp 
increase in the activity of these antioxidant enzymes was observed that was 
proportionate with the concentration of the metal. The activity of CAT, POX and 
SOD was found to be highest imder the influence of exogenous SA in the plants fed 
with Cd at the rate of 100 mg per kg of soil, showing a significant (p<0.05) increase 
of 33.4%, 38.1%; 85.6%, 95.2% and 61.3%, 70.0% at 60 and 90 DAS, respectively, 
compared to the control. The values revealed for these parameters, in the plants fed 
with Cd at the rate of 25 mg per kg of soil followed by a foliar spray of SA was found 
to be significantly (p<0.05) higher by 20.5%, 23.8%; 40.9%, 43.8% and 36.5%, 
40.0% at 60 and 90 DAS, respectively, over control (Tables 45-46). 
4.5.15 Proline content in leaves 
The exogenous application of SA significantly (p<0.05) increased the 
endogenous level of proline over control, irrespective of the Cd concentration used 
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(Table 46). The endogenous proline level in unstressed plants was found to be 50.0% 
and 48.2% higher at 60 and 90 DAS, respectively, compared to the control, in 
response to exogenous SA. Further, the proline level in response to the foliar applied 
SA, increased linearly with increasing concentration of Cd and was found to be 
57.0%, 56.8% (25 mg Cd); 68.1%, 62.0% (50 mg Cd) and 92.4%, 90.6% (100 mg Cd) 
higher, compared to the control at 60 and 90 DAS,-^respeetively (Table 46). 
4.5.16 Leaf water potential 
Foliar application of SA significantly (p<0.05) increased the leaf water 
potential by 51.8%, 51.7%; 30.5%, 31.4% and 15.7%, 15.2% in unstressed plants, 
those fed with Cd (25 mg and 50 mg) recorded at 60 and 90 DAS respectively, 
compared to the control (Table 46). However, the SA treatment proved to be 
inefficient in alleviating the stress generated by Cd supplemented at the rate of 100 
mg per kg of soil where a reduction of 25.0% and 27.1% was recorded at 60 and 90 
DAS, respectively, compared to the control. 
4.5.17 Yield characteristics 
4.5.17.1 Number of pods per plant and number of seeds per pod 
Application of S A to the foliage of vmstressed plants resulted in a significant 
(p<0.05) increase of 57.8% (number of pods) over control. Further the treatment also 
proved to be fruitful in increasing the number of pods in the plants fed with Cd (25 or 
50 mg) and also received SA where a significant (p<0.05) increase of 32.4% and 
13.0% in the number of pods per plant was observed respectively over control. 
Further, like other parameters the foliar application of SA proved to be inefficient in 
alleviating the stress generated by Cd (100 mg), where 11.7% reduction in this 
parameter was observed compared to the control. However, the number of seeds per 
pod was found to non-significant (Table 47). 
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4.5.17.2 Seed yield, 100 seed mass and seed protein content 
The exogenous foliar application of 10"" M of SA significantly (p<0.05) 
increased the seed yield, 100 seed mass and seed protein content in unstressed plants 
by 108%; 56.8% and 14.0% respectively, over control (Table 47). Further, the SA 
treatment to the plants already fed with Cd (25 or 50 mg per kg soil) significantly 
(p<0.05) increased the values of seed yield, 100 seeds mass and seed protein content 
over that of control. The percent increase recorded in these parameters was found to 
be 53.9%, 40.9% and 8.0% (Cd 25 mg) and 15.0%, 20.3% and 5.0% (Cd 50 mg), 
respectively, over that of the control. However, the foliar spray of SA to the plants 
already supplemented with 100 mg Cd exhibited 20.0%, 5.0% and 8.8% reduction in 
seed yield, 100 seeds mass and seed protein content, respectively, compared to the 
control (Table 47). 
4.6 Experiment 6 
This experiment was conducted as described in materials and methods 
(chapter 3). The results of this experiment are summarized below. 
4.6.1 Growth characteristics 
The foliar spray of proline and SA resulted in an overall increase of all the 
growth characteristics (length of root and shoot, fresh and dry mass per plant) 
compared to the control (Figure 11). A significant (p<0.05) increase of 33.1%, 41.9% 
(root length); 33.6%, 28.6% (shoot length); 46.0%, 52.7% (fresh mass) and 53.3%, 
59.5% (dry mass) was recorded at 60 and 90 DAS respectively, compared to the 
control, in the plants sprayed with proline and SA. Further, the cumulative effect of 
proline and SA resulted in a significant (p<0.05) increase of 23.3%, 30.3%; 18.3%, 
23.8%; 33.6%, 40.7% and 33.3%, 40.5% in these parameters in the plants fed with Cd 
at the rate of 25 mg per kg of soil and 9.8%, 9.7%; 8.9%, 6.9%; 10.7%, 12.0% and 
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Figure 11. Effect of proline (20 mM) and SA (10"^  M) on the Cd (0, 25, 50 or 100 mg per 
kg of soil) induced changes on root length (a), shoot length (b), fresh mass (c) 
and dry mass (d) per plant in Cicer arietinum at 60 and 90 days after sowing 
(DAS). Data are the mean of three independent replicates. Vertical bars represent 
standard error (±). "Pro" represents Proline. 
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20.0%, 18.9% in the plants initially fed with Cd at the rate of 50 mg per kg of soil 
when compared with the control at 60 and 90 DAS, respectively. However, 
application of proline and SA to the foli^ ^e of plants supplemented with Cd at the rate 
of 100 mg per kg of soil, revealed the values for these growth characteristics that were 
statistically equal to that of the control at both the sampling stages (Figure 11). 
4.6.2 Nodttlation 
Proline and SA when applied exogenously to the foliage resulted in a 
significant (p<0.05) increase of 77.5%, 77.5% (nodule number); 44.6%, 36.9% 
(nodule fresh mass) and 64.4%, 75.6% (nodule dry mass) in unstressed plants; 40.0%, 
42.9%; 30.7%, 25.9% and 41.7%, 37.8% in the plants earlier fed with Cd at the rate of 
25 mg per kg of soil, over control recorded at 60 and 90 DAS, respectively (Figtire 
12). Likewise, a significant (p<0.05) increase of 22.5%, 22.4%; 13.9%, 9.6% and 
22.2%, 17.8% in these parameters was recorded at 60 and 90 DAS, respectively, over 
control in plants grown in pots supplemented with Cd at the rate of 50 mg per kg of 
soil (Figure 12). However, like growth parameters, the nodulation (number, fresh and 
dry mass of nodules) in the plants fed with Cd at the rate of 100 mg per kg of soil and 
also sprayed with proline and SA followed the same pattern and revealed the values 
that were statistically equal to control. 
4.6.3 Leghemoglobin content in nodules 
The application of proline and SA to the foliage cumulatively resulted in a 
significant (p<0.05) increase of 57.6%, 57.5%; 39.4%, 37.5% and 21.2%, 15.0% in 
leghemoglobin content of unstressed plants, those supplemented with Cd at the rate of 
25 mg per kg of soil and in those fed with Cd at the rate of 50 mg per kg of soil, over 
control, recorded at 60 and 90 DAS, respectively (Figure 12). Further, the 
leghemoglobin content in the nodules of plants fed with Cd at the rate of 100 mg per 
100 
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Figure 12. Effect of proline (20 mM) and SA (10"^  M) on the Cd (0, 25, 50 or 100 mg per 
kg of soil) induced changes on nodule number (a), nodule fresh mass (b), 
nodule dry mass (c) and nodule leghemoglobin content (d) in Cicer arietinum at 
60 and 90 days after sowing (DAS). Data are the mean of three independent 
replicates. Vertical bars represent standard error (±). "Pro" represents Proline. 
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kg of soil was found to be statistically equal to that of the control at both the sampling 
stages, under the combined effect of proline and SA. 
4.6.4 Carbohydrate content in nodules 
The carbohydrate content in nodules (Table 48) also followed the same pattern 
as was observed in case of nodulation. The foliar application of proline and SA 
resulted in a significant (p<0.05) increase of 26.7%, 29.5%; 20.7%, 17.5% and 10.0%, 
12.0% in nodule carbohydrate content of unstressed plants, those fed with Cd 
supplemented at the rate of 25 mg per kg of soil and in those fed with Cd at the rate of 
50 mg per kg of soil, recorded at the stage of 60 and 90 DAS, respectively, compared 
to the control. The treatment however, brought the values of carbohydrate content 
statistically equal to that of control at both the sampling stages (Table 48). 
4.6.5 Nitrogenase activity in nodules 
The activity of enzyme nitrogenase, recorded at 60 and 90 DAS, was found to 
be significantly (p<0.05) higher by 16.9%, 18.0; 15.1%, 15.6% and 5.5%, 5.0% in 
unstressed plants and in those fed with Cd at the rate of 25 or 50 mg per kg of soil, 
respectively, over control when proline and SA was sprayed exogenously to the 
foliage (Table 48). Further, the foliar spray of proline and SA to the plants initially 
fed with Cd at the rate of 100 mg per kg of soil elevated the nitrogenase activity to a 
level that was statistically equal to that of control at both the sampling stages. 
4.6.6 GS, GOGAT and GDH activities in nodules 
The activities of GS, GOGAT and GDH (Tables 49-50) also followed the 
same pattern as was observed in nitrogenase. Spraying of unstressed plants with 
proline and SA resulted in a significant (p<0.05) increase of 35.0%, 40.0% (GS 
activity); 61.6%, 57.7% (GOGAT activity); 67.3%, 73.5% (GDH activity) at 60 and 
90 DAS, respectively, compared to the control. The exogenous application of proline 
\-S Table 48. Effect of proline (20 mM) and SA (10'^  M) on the Cd (0, 25, 50 or 100 
mg per kg of soil) induced changes in carbohydrate content (%) and 
nitrogenase activity [n mol C2H5 (g nodule FM)'*] in nodules of Cicer 
arietinum at 60 and 90 DAS. Data are the mean of three independent 
replicates (± SE) 
1 icauucniS 
Control 
Cd (0) + Proline + SA 
Cd (25) + Proline + SA 
Cd (50) + Proline + SA 
Cd (100) +Proline+ SA 
LSD @ 0.05 
Carbohydrate 
60 DAS 
15.0±0.6 
19.0±0.5 
18.1±0.6 
16.5±0.4 
15.6±0.5 
0.71 
! content 
90 DAS 
16.6±0.5 
21.5±0.6 
19.5±0.7 
18.6±0.6 
17.3±0.5 
0.80 
Nitrogenase activity 
60 DAS 
325±6.4 
380±5.8 
374±6.1 
343±5.5 
318±6.6 
16.3 
90 DAS 
345±5.3 
407±5.8 
399±6.1 
362±5.8 
336±5.5 
15.3 
Table 49. Effect of proline (20 mM) and SA (10'^  M) on the Cd (0, 25, 50 or 100 
mg per kg of soil) induced changes on GS [fi mol Y^H (gFM)'*h~^ ] and 
GOGAT [^  mol NADHox (gFM)'^ h"'l activity in nodules of Cker 
arietinum at 60 and 90 DAS. Data are the mean of three independent 
replicates (± SE) 
1 icaiiiiciiis 
Control 
Cd (0) + Proline + SA 
Cd (25) + Proline + SA 
Cd (50) + Proline + SA 
Cd (100) + Proline + SA 
LSD @ 0.05 
GS 
60 DAS 
246±3.8 
332±4.9 
319±5.5 
280±4.3 
250±3.2 
21.8 
activity 
90 DAS 
273±5.5 
382±4.9 
370±4.9 
328±4.3 
288±5.2 
26.9 
GOGAT 
60 DAS 
112±3.8 
181±3.5 
173±2.9 
143±4.3 
125±3.2 
16.67 
activity 
90 DAS 
123±3.8 
194±4.9 
187±4.4 
15ftt4.2 
133±4.4 
17.89 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass; yGH = y-Glutamyl hydroxamate 
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and SA to the foliage of plants earlier fed with Cd at the rate of 25 mg per kg of soil 
resulted in significantly (p<0.05) higher activity of these enzymes compared to the 
control. Further, spraying of the foliage of plants (fed with Cd at the rate of 50 mg per 
kg of soil) with proline and SA elevated significantly (p<0.05) the activity of GS, 
GOGAT and GDH by 13.8%, 20.1%; 27.7%, 21.9% and 20.6%, 20.0% at 60 and 90 
DAS, respectively, compared to the untreated control, whereas, the activity of these 
enzymes in plants supplemented with Cd at the rate of 100 mg per kg of soil and 
sprayed with proline and SA was found to be statistically equal to that of the control 
at both the sampling stages (Tables 49-50). 
4.6.7 Nitrate content in roots 
The foliar application of proline and SA significantly (p<0.05) increased the 
nitrate content of roots by 29.9%, 29.9% (in unstressed plants) and 10.3%, 9.4% (in 
plants earlier fed with Cd at the rate of 50 mg per kg of soil) at 60 and 90 DAS, 
respectively, over control (Table 50). However, the nitrate content in 25 mg Cd fed 
plants sprayed with proline and SA was found to be significantly (p<0.05) higher 
compared to the control. Whereas, in 100 mg Cd fed plants sprayed with proline and 
SA, the nitrate content was foimd to be statistically equal to that of the control at both 
the sampling stages (Table 50). 
4.6.8 Leaf nitrogen content 
The exogenous application of proline and SA increased significantly (p<0.05) 
the leaf nitrogen content of imstressed plants by 34.8% and 37.4% over control at 60 
and 90 DAS, respectively, but was found to be statistically equal with the nitrogen 
content of plants exposed to Cd at the rate of 25 mg per kg of soil, recorded at the two 
sampling stages (Table 51). Further, the spray of proline and SA to the foliage of 
plants fed vdth Cd at the rate of 50 mg per kg of soil increased the nitrogen content by 
v5 Table 50. Effect of proline (20 mM) and SA (10 "^  M) on the Cd (0, 25, 50 or 100 
mg per kg of soil) induced changes in GDH activity [fi mol NADHox 
(gFM)'^ h'^  in nodules and nitrate content (mg g'^  DM) in roots of Cicer 
arietinum at 60 and 90 DAS. Data are the mean of three independent 
replicates (± SE) 
1 rcduiiciiid 
Control 
Cd (0) + Proline + SA 
Cd (25) + Proline + SA 
Cd (50) + Proline + SA 
Cd (100) +Proline+ SA 
LSD @ 0.05 
GDH 
60 DAS 
22.3±0.8 
37.3±1.2 
34.0±1.3 
26.9±0.7 
24.1±0.6 
3.66 
activity 
90 DAS 
24.5±1.1 
42.5±1.0 
38.8±0.7 
29.4±0.6 
25.3±0.5 
4.03 
Nitrate content 
60 DAS 
117±3.6 
152±3.8 
145±3.2 
129±2.6 
113±3.2 
9.5 
90 DAS 
127±3.0 
165±3.2 
156±3.8 
139±3.2 
122±3.0 
10.7 
Table 51. Effect of proline (20 mM) and SA (10'^  M) on the Cd (0,25,50 or 100 mg 
per kg of soil) induced changes on leaf nitrogen content (%) and NR 
activity [n mol NO2 h'^ g'^ FM] in Cicer arietinum at 60 and 90 DAS. Data 
are the mean of three independent replicates (± SE) 
Treatments 
Control 
Cd (0) + Proline + SA 
Cd (25) + Proline + SA 
Cd (50) + Proline + SA 
Cd (100) +Proline+ SA 
LSD @ 0.05 
Nitrogen content 
60 DAS 
3.10±0.05 
4.18+0.04 
4.00+0.05 
3.39+0.03 
3.04+0.04 
0.26 
90 DAS 
3.53+0.04 
4.85+0.05 
4.40+0.04 
3.70+0.03 
3.5(H:0.04 
0.16 
NR 
60 DAS 
264+6.1 
340+6.4 
328+6.8 
308+5.1 
270+5.7 
18.55 
activity 
90 DAS 
335+7.6 
433+5.9 
41^6.1 
373+6.7 
348+8.2 
24.43 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass; DM = Dry mass 
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9.3% and 4.8% over control at 60 and 90 DAS respectively, whereas, the^plants 
received 100 mg Cd per kg of soil and also sprayed with proline and SA was found to 
be statistically equal to that of the control at both the sampling stages (Table 51). 
4.6.9 Nitrate reductase (NR) activity in leaves 
Like other enzyme activities, the NR activity in imstressed plants sprayed with 
proline and SA, was found to be maximum at both the sampling stages (Table 51)." 
When compared with control, the activity of this enzyme was foimd to be 28.8% and 
29.2% higher but statistically equal to that in the leaves of plants fed with Cd at the 
rate of 25 mg per kg of soil. A significant (p<0.05) increase of 16.7% and 11.3% (at 
60 and 90 DAS, respectively over control) was recorded in the proline and SA treated 
plants grown in earthen pots supplemented with Cd at the rate of 50 mg per kg of soil. 
However, the NR activity in the plants fed with 100 mg Cd per kg of soil and 
thereafter sprayed with proline and SA followed the same pattern as was observed in 
other enzymes at both the sampling stages (Table 51). 
4.6.10 Carbonic anliydrase (CA) activity in leaves 
The activity of CA followed the same pattern as was observed in case of 
nitrate reductase. The CA activity recorded at two sampling stages (60 and 90 DAS) 
was maximum in the unstressed plants sprayed with proline and SA and differed 
significantly (p<0.05) fi-om that of control (Table 52). The enzyme's activity in the 
proline and SA treated plants exposed to Cd supplied at the rate of 25 mg per kg soil 
was found to be statistically equal to that of proline and SA treated unstressed plants. 
The foliar spray of proline and SA resulted in a significant increase of 21.7% and 
19.0% in the plants supplemented with Cd at the rate of 50 mg per kg of soil, over 
control at 60 and 90 DAS respectively, whereas, the activity in 100 mg Cd fed plants 
was found to statistically equal to control (Table 52). 
Table 52. Effect of proUne (20 mM) and SA (10 ^ M) on the Cd (0, 25, 50 or 100 
mg per kg of soil) induced changes in C A activity [mol (CO2) Kg'^  leaf 
(F.M)] and gg (mol m'^  sec"*) in Cicer arietinum at 60 and 90 DAS. Data 
are the mean of three independent replicates (± SE) 
Treatments 
Control 
Cd(0) +Proline+ SA 
Cd (25) + Proline + SA 
Cd (50) + Proline + SA 
Cd (100) +Proline+ SA 
LSD @.0.05 
CA activity 
60 DAS 
2.63±0.06 
4.00±0.07 
3.77±0.04 
3.20±0.05 
2.93±0.06 
0.32 
90 DAS 
2.84±0.09 
4.26±0.10 
3.98±0.07 
3.38±0.06 
3.00±0.08 
0.34 
60 DAS 
0.321±0.01 
0.462±0.02 
0.450±0.02 
0.369±0.01 
0.330±0.02 
0.04 
gs 
90 DAS 
0.337±O.OI 
0.494±0.02 
0.476±0.02 
0.380±0.01 
0.339±0.01 
0.04 
Table 53. Effect of proline (20 mM) and SA (10'^  M) on the Cd (0,25,50 or 100 mg 
per 1^ of soil) induced changes in Cj (ppm) and WUE (g kg'*) in Cicer 
arietinum at 60 and 90 DAS. Data are the mean of three independent 
replicates (± SE) 
Treatment*; 
Control 
Cd (0) + Proline + SA 
Cd (25) + Proline + SA 
Cd (50) + Proline + SA 
Cd (100) +Proline+ SA 
LSD @ 0.05 
Ci 
60 DAS 
261±5.5 
365±6.4 
349±6.1 
299±7.0 
265±5.3 
18.70 
90 DAS 
278±4.3 
394±4.9 
375+5.0 
314+4.2 
275+4.0 
24.45 
WUE 
60 DAS 
0.28+0.02 
0.55+0.03 
0.50+0.02 
0.42+0.01 
0.35+0.02 
0.02 
90 DAS 
0.34+0.02 
0.65+0.03 
0.58+0.02 
0.49+0.02 
0.40+0.01 
0.07 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
F.M = Fresh mass 
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4.6.11 Photosynthetic parameters 
The application of proline and SA to the foliage of unstressed plants resulted 
in a significant (p<0.05) increase of 43.9%, 46.6% (gs); 39.8%, 41.7% (CO; 96.4%, 
91.2% (WUE); 40.2%, 41.4% (E) and 42.6%, 40.0% (PN) compared to the control at 
60 and 90 DAS respectively (Tables 52-54). The exogenous application of proline and 
SA to the foliage of plants received Cd at the rate of 25 mg per kg of soil also resulted 
in significantly (p<0.05) higher values for these parameters compared to the control at 
both the sampling sts^es. Further, like other parameters, the 50 mg Cd fed plants 
sprayed with proline and SA showed 14.9%, 12.8% (gs); 14.6%, 12.9% (Ci); 50.0%, 
44.1% (WUE); 14.8%, 14.9% (E) and 30.0%, 13.4% (PN) higher values compared to 
the control at 60 and 90 DAS, whereas in plants fed with Cd at the rate of 100 mg per 
kg of soil and also received foliar spray of proline and SA generated the values for 
these parameters that did not differ significantly (p<0.05) fi-om that of control. 
4.6.12 Antioxidative enzyme activities 
The application of proline and SA to the foliage of unstressed plants resulted 
in a significant (p<0.05) increase of 19.2%, 20.9% (CAT); 40.0%, 51.5% (POX) and 
36.7, 34.6% (SOD) activity over control at 60 and 90 DAS, respectively (Tables 55-
56). However, unlike other parameters, the activity of these enzymes exhibited a 
sharp increase in Cd stressed plants sprayed with proline and SA and this increase was 
proportionate with the concentration of the metal and was maximum in the plants 
received 100 mg Cd, showing a significant (p<0.05) increase of 42.2%, 49.2% (CAT); 
80.0%, 120.9% (POX) and 77.8%, 81.5% (SOD) over control recorded at 60 and 90 
DAS, respectively. 
Table 54. Effect of proline (20 mM) and SA (10''* M) on the Cd (0, 25, 50 or 100 
mg per kg of soil) induced changes on E (m mol m'^ sec'^ ) and PN (m mol 
CO2 m'^ sec') in Cicer arietinum at 60 and 90 DAS. Data are the mean of 
three independent replicates (± SE) 
Treatments 
Control 
Cd (0) + Proline + SA 
Cd (25) +Proline+ SA 
Cd (50) + Proline + SA 
Cd (100) +Proline+SA 
LSD @ 0.05 
E 
60 DAS 
1.69±0.02 
2.37±0.03 
2.28+0.03 
1.94+0.03 
1.75+0.02 
0.15 
90 DAS 
L81+0.02 
2.56+0.02 
2.48+0.01 
2.08+0.02 
1.82+0.01 
0.20 
PN 
60 DAS 
7.00+0.09-
9.98+0.1 
9.01+0.2 
9.10+0.1 
6.66+0.2 
0.68 
90 DAS 
7.52+0.1 
10.53+0.1 
9.57+0.2 
8.53+0.2 
7.50+0.1 
0.80 
Table 55. Effect of proline (20 mM) and SA (10'^  M) on the Cd (0,25,50 or 100 mg 
per k^ of soil) induced changes on CAT [^  mol H2O2 decomposed (g FM)'] 
and POX [units (g FM)"*1 activity in Cicer arietinum at 60 and 90 DAS. 
Data are the mean of three independent replicates {± SE) 
Treatments 
Control 
Cd (0) + Proline + SA 
Cd (25) + Proline + SA 
Cd (50) + Proline + SA 
Cd (100) +Proline+ SA 
LSD @ 0.05 
CAT 
60 DAS 
365+8.5 
435+6.8 
458+7.2 
484+6.6 
519+9.0 
24.0 
90 DAS 
382+6.4 
462+8.5 
478+9.3 
523+7.9 
570+9.0 
28.5 
60 DAS 
12.5+0.3 
17.5+0.4 
19.0+0.4 
22.1+0.5 
25.5+0.6 
2.7 
POX 
90 DAS 
13.4+0.5 
20.3+0.6 
22.2+0.8 
26.5+0.9 
29.6+1.0 
3.4 
DAS = Days after sowing; LSD = Least significant difference; S.E. = Standard error; 
FM = Fresh mass 
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4.6.13 Proline content in leaves 
Foliar application of proline and SA to the unstressed plants resulted in a 
significant increase of 45.93% and 50.00% in endogenous proline level, over control 
recorded at 60 and 90 DAS (Table 56) but was found to be statistically equivalent 
with that in the leaves of the plants sprayed with proline and SA and also received 25 
mg Cd per kg through soil. The Cd fed plants sprayed exogenously with proline and 
SA accumulated significantly (p<0.05) higher content of proline compared to control 
and this accumulation was proportionate with the increasing concentration of metal, 
where maximum response was generated in the plants exposed to a Cd (100 mg per 
kg of soil) which showed 99.0% and 105% higher proline content compared to the 
control at 60 and 90 DAS, respectively. 
4.6.14 Leaf water potential 
The leaf water potential followed a pattern that was completely different from 
that of other parameters. The value of leaf water potential was highest in unstressed 
plants sprayed with proline and SA i.e. showed least negative values where a 
significant (p<0.05) increase of 59.8% and 59.5% over control was recorded at 60 and 
90 DAS respectively (Table 56). However, among the metal treated plants sprayed 
with proline and SA, a concomitant decline in leaf water potential was recorded at 
both the sampling stages (i.e. more negative values were recorded) compared to the 
proline and SA treated unstressed plants. The leaf water potential of proline and SA 
treated plants fed with 25 mg Cd revealed the values that were statistically equal to 
that of unstressed plants whereas, that of 100 mg Cd fed plants the leaf water potential 
was found to be statistically equal to that of the control at both the sampling stages. 
The leaf water potential of 50 mg Cd fed plants sprayed with proline and SA showed 
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a significant (p<0.05) decline of 28.6% and 25.6% compared to control at 60 and 90 
DAS respectively. 
4.6.15 Yield characteristics 
The foliar application of proline and SA enhanced the yield quality of both 
stressed as well as non stressed plants (Table 57). Application of proline and SA to 
the foliage of unstressed plants resulted in a significant (p<0.05) increase of 68.0% 
(number of pods per plant); 146.3% (seed yield per plant); 59.0% (100 seed mass) and 
21.3% (seed protein content) over control. The foliar treatment of 25 mg Cd fed plants 
with proline and SA revealed the yield characteristics that were almost comparable 
with that of imstressed plants sprayed with proline and SA. In 50 mg Cd fed plants, 
the spray resulted in a significant (p<0.05) enhancement of 30.4%, 39.0%, 30.0% and 
11.5% in the above mentioned yield attributes. However, the spray of proline and SA 
to the foliage of 100 mg Cd fed plants generated a response that did not differ 
significantly (p<0.05) fi-om that of control. Further the spray did not cast any 
significant (p<0.05) effect on the number of seeds per pod. 
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DISCUSSION 
DISCUSSION 
The plant growth and development is under a fine control of the genetic 
information contained in a cell where some genes are up-regulated and some genes 
are down-regulated. However, only a limited portion of this information is expressed 
at any given time of plant growth and development. There are certain factors which 
play a significant role in regulating the repression and de-repression of these genes. 
Out of these factors light (Thompson and white, 1991), pollutants such as heavy 
metals (Royals et a/., 1992), phytohormones (Cleland, 1999) and metabolites such as 
proline (Ashraf and Foolad, 2007) are noteworthy. 
Plants grow well in soil, not only because it provides them anchorage but also 
essential nutrients for their growth and development. The problem of heavy metal 
pollution is on the increase throughout the world (Foy et al., 1978). Out of the various 
heavy metals, Cd is the most toxic which is present in air, water and soil. Although 
present in traces in soil, its level has enormously increased in recent times especially 
in areas of heavy automobile traffic, near smelters and by the xise of sewage sludge, 
city refuse and Cd containing phosphatic fertilizers. This increased concentration of 
Cd in soil causes growth inhibition associated with various metabolic dysfunctions 
and even plant death (di Toppi and Gabbrielli, 1999). In order to cope with these 
conditions plants accumulate a wide array of metabolites mainly proline (Ashraf and 
Foolad, 2007) and also enhance the synthesis of phytohormones like salicylic acid 
(Hayat et al., 2010). Proline, an osmolyte is known for stabilizing sub-cellular 
structures such as proteins and cell membranes, scavenging fi-ee radicals and buffering 
redox potential under stress conditions (Ashraf and Foolad, 2007). Proline may also 
fiinction as a protein-compatible hydrotrope (Srinivas and Balasubramanian, 1995), 
alleviating cytoplasmic acidosis and maintaining appropriate NADP'/NADPH ratios 
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compatible with metabolism during stress (Hare and Cress, 1997). SA, an endogenous 
plant growth regulator, plays a central role in promoting growth, bioproductivity, 
enhancing photosynthesis and improving yield in plants exposed to various biotic and 
abiotic stresses (Hayat et al, 2010). Keeping in view the diverse physiological roles 
played by proline and salicylic acid in conferring resistance, the present study was 
aimed to elucidate whether exogenous proline and/or SA application could confer 
resistance against the damaging effects of Cd? And if so what concentration of proline 
or SA would be most effective? The effectiveness of proline applied as foliar spray 
depends on the type of species, time of application and the concentration used. For 
example in rice, exogenous application of 30 mM proline proved to be beneficial 
(Roy et al., 1993) when applied at seedling stage, 20-30 mM in Vigna radiata cell 
cultures, 10 mM for tobacco suspension cells grown under stress (Okuma et al, 
2000), 30 mM for maize (AH et al., 2007a) and a concentration of 20 or 40 mM was 
found to be most effective in spring wheat (Kamran et al., 2009). However, in the 
present study, out of different concentrations (10, 20, 30,40 or 50 mM) of exogenous 
proline, 20 mM proved to be the most effective concentration, whereas, higher 
concentration proved to be inhibitory. An explanation for the beneficial effect of the 
lower concentration of proline is attributed to the fact that it activated a cycle of 
cytosolic proline synthesis from glutamate and mitochondrial proline degradation, 
which simultaneously provided NADP^ to drive cytosolic purine biosynthesis and 
reducing equivalents for mitochondrial ADP phosphorylation (Hare, 1998). An 
induction by exogenous proline of the Arabidopsis gene which encodes proline 
dehydrogenase (PDH) (Kiyosue et al, 1996) is consistent vvdth this hypothesis. 
However, at hi^er levels of exogenous proline, feedback inhibition of 8-1-pyroline-
5-carboxylate synthetase (P5CS) (Garcia-Rios et al, 1997; Zhang et al, 1995) 
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blocked the biosynthetic portion of this cycle and thereby inhibited organogenesis, as 
in Arabidopsis (Hare et al., 2001). The toxic effects of exogenous proline were also 
observed by Rodriguez and Heyser (1988) where growth in suspension culture of 
saltgrass {Distichlis spicata) was inhibited when proline was applied exogenously at a 
high concentration. This treatment also decreased proline biosynthesis. These reports 
are consistent with the results of the present study (Experiment II). 
Proline in combination with other analogues is known to increase the total 
phenolic content in plants (Kwok and Shetty, 1998) and phenolics are known to 
prevent auxin degradation (Schneider and Whitman, 1974). The increased level of 
auxins may increase the activity of NR, as exogenous supply of lAA increases NR 
activity (Ahmad and Hayat, 1999; Hayat et al, 2009) which in the present study is 
evident from table 13. Since proline acts as a membrane stabilizer (Ashraf and 
Foolad, 2007) therefore, accounts for maintaining the nutrient status including nitrate 
content in roots. This report is in conformity with the increased nitrate content of 
roots foUowring the exogenous application of the lower concentration of proline 
(Table 12). Further, since nitrate is the inducer of NR (Campbell, 1999), therefore, the 
increased nitrate content might also be responsible for elevating the activity of NR 
(Table 13). This is further supported by the results obtained by Rajagopal (1981) in 
Viciafaba. 
The lower concentration of exogenous proline maintains a constant supply of 
CO2 by increasing the gs (Table 14). This might be due to the fact that proline being 
an osmolyte, maintains cellular turgor, thereby increasing the gs (Kamran et al., 2009) 
which leads to the increased Cj (Table 15), E (Table 16) and ultimately increasing the 
WUE (Table 15). The results of this study are in conformity with those of Ali et al 
(2007a) in maize. Exogenous proline application is also known to increase the 
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photosynthetic pigment concentration (Ali et ah, 2007a). The increased gs, Ci, WUE, 
E and photosynthetic pigments are likely to increase the PN (Table 16) 
Proline is known to act as an enzyme protectant (Paleg et ah, 1981; Krall et 
al, 1989). This is due the fact that 3-D structure of proteins (enzymes) is governed by 
the hydrophobic/hydrophilic interaction, ionic interaction and interaction between 
side chains of constituent amino acids. Proline could interfere with these side chains 
and thus play a protective role (Schobert, 1977; Paleg et al, 1981) thereby increasing 
the activity of enzymes. A similar interaction might be operative between CA and 
proline leading to the enhanced activity of CA (Table 14). This increased activity of 
CA coupled with increased PN (Table 16) will eventually result in increased 
production of photosynthates (carbohydrates). These carbohydrates are translocated in 
bulk to the nodules for the use of rapidly metabolizing bacteria which is consistent 
with the increased carbohydrate content in nodules (Table 10). Similar results were 
obtained by Gadallah (1999) in Viciafaba. 
Exogenous application of 20 mM of proline resulted in an increased 
nitrogenase activity in nodules (Table 10). A plausible cause for this increase might 
be that exogenously applied proline is transported at a relatively faster rate across the 
symbiosome membrane, where it is metabolized by the bacteroids and used as an 
efficient source of energy for enhancing the nitrogenase activity in nodules (Pedersen 
et al., 1996). This is fiirther confirmed by the increased pro-DH activity in nodules 
when proline was supplied exogenously (Kohl et al., 1991). This increased 
nitrogenase activity (Table 10) will obviously lead to the increased nitrogen fixation 
in the nodules which is exported to leaves leading to the observed increase in the leaf 
nitrogen content (Table 13). Further the nitrogenase activity might be regulated by 
proline at transcriptional and/or translational level. This notion is based upon the 
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reports of King et al (2000) who identified pro C gene which is essential for proline 
biosynthesis and concluded that this gene is essential for establishing symbiotic 
relationship between Bradyrhizobium japonicum and soybean. Since, exogenous 
proline favours the legame-Rhizibium symbiosis, therefore, favours nodulation which 
in present study is expressed in terms of increased number of nodules and 
consequently increases their fi-esh and dry mass (Figure 4) by acting as an excellent 
source of energy. The nitrogen fixing potential of each nodule is determined by three 
main factors (Marschner, 2003); (a) photosynthates availability, which was 
maintained by enhanced photosynthesis (Table 16), (b) low oxygen supply to the 
bacteroid, which at excessive level inhibits nitrogenase, was maintained by restricted 
O2 supply by the mediation of increase in kghemoglobin (Figure 4) and (c) export of 
fixed nitrogen in the form of ammonia. Nitrogen fixed in the form of ammonia 
diffiises across the peribacteroid membrane to the host cytosol by simple diffiision 
(Udvardi and Day, 1990). Here two enzymatic systems, (a) GDH and (b) GS, 
GOGAT are operative to fiirther metabolize it. GDH causes direct reductive 
amination of a-ketoglutarate, giving glutamate, whereas, GS catalyses the addition of 
NRj^ to glutamate forming corresponding amide, glutamine. This glutamine is 
converted back to glutamate by ti-ansfer of amide group to a molecule of a-
ketoglutarate (Hopkins, 1995). Since proline acts at tiranscriptional and/or 
ti^slational level and also acts as an enzyme protectant (Paleg et al., 1981; Krall et 
al, 1989; Schobert, 1977), therefore might have accelerated the synthesis and thereby 
tiie activity of GDH, GS and GOGAT (Tables 11-12). The increased photosynthesis, 
nitrogen fixation and assimilation culminated into an increased growth which is 
expressed in terms of increase m length, fi^sh and diy mass of root and shoot per 
plant (Figure 3). 
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Exogenous application of lower concentration of proline enhanced the activity 
of antioxidative enzymes (CAT, POX and SOD) by acting at the level of transcription 
and/or translation (Cuin and Shabala, 2007; Ashraf and Foolad, 2007). These results 
are in conformity with the increased activity of antioxidative enzymes (Tables 17-18) 
in the present study. Since proline is a membrane stabilizer, therefore, its exogenous 
application at lower concentration, results in its rapid uptake coupled with its de novo 
synthesis (Zhu et al, 1990; Santos et al, 1996) thereby increasing the endogenous 
proline level which is in conformity with the observed increase in proline content 
(Table 18). However, application of higher concentration of proline imposes a check 
on its biosynthesis through feedback inhibition thereby decreasing the endogenous 
proline content (Table 18; Zhang et al, 1995; Garcia-Rios et al, 1997). Further, the 
increased concentration of endogenous proline under the influence of the lower 
concentration of exogenous proline results in increased water uptake (Jain et al, 
2001) thereby increasing the leaf water potential (Table 18). 
Exogenous application of various concentrations (10"*, 10'^  or lO'^ M) of 
salicylic acid (SA) resulted in an increased growth and physiological responses where 
best response was generated by the foliar spray of lO'^ M of SA. Similar results were 
obtained in Brassica juncea (Fariduddin et al, 2003; Yusuf e/ al, 2008) and in wheat 
(Hayat et al, 2005). The foliage of the plants sprayed with lO'^ M of SA exhibited 
higher activity of NR (Table 22). However, a decline in NR activity was observed as 
the concentration of SA was increased to 10"^ M. The increased activity of NR could 
have either been an expression of the interaction between SA and NR specific 
inhibitors whose presence is claimed by Srivastava (1980) and/or through the 
mediation of other phytohormones like auxins. The auxins (lAA and Cl-IAA) are 
protected by phenols (Schneider and Whitman, 1974) and elevate the activity of NR 
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as has been observed in pea (Ahmad, 1988, 1994; Ahmad and Hayat, 1999) mustard 
(Ahmad et al., 2001; Fariduddin et al, 2003). Moreover, the content of any active 
protein (enzyme) represents a fine balance between its synthesis/activation and 
degradation/inactivation (Jain and Srivastava, 1981). The concentration of SA might 
play an active role in such a regulation where the lower concentration favoured the 
increase in NR protein and higher concentration decreased it by affecting the above 
processes. Moreover, the reason that seems to be most appropriate to explain the SA 
mediated elevation in the activity of NR is that it stabilizes the membrane structure 
and its fluidity v>iiich could have facilitated the increased uptake of nutrients 
including nitrate thereby increasing its content in the roots (Table 21) which also acts 
as an inducer of NR (Campbell, 1999). The increase in the content of nitrates and 
thereby activity of NR due to exogenous SA treatment under normal growth 
conditions is well established (Hayat et al., 2005) which strongly support the present 
results. SA at lower concentration is also known to protect the enzyme nitrate 
reductase (Rane et al., 1995). The inhibition of NR activity by higher concentration of 
SA (Table 22) is evident from the earlier reports which indicate that phenolic acids at 
higher concentration inhibit NR activity (Jain and Srivastava, 1981). 
CA is the other most abundant soluble zinc containing enzyme (Lawlor, 1987) 
in chloroplasts of C3 plants, after RuBPCO (Okabe et al, 1984). CA facilitates the 
diffusion of CO2 across the chloroplast membrane by catalyzing the hydration of 
dissolved CO2 as it enters the most alkaline environment of stroma (Majeau and 
Coleman, 1994) where CA catalyzes the reversible hydration of CO2 and maintains a 
constant supply of RuBPCO. Otherwise, the rate of CO2 generation from its reduced 
form HCO3" will be relatively very slow that will naturally restrict the activity of 
RuBPCO at the ambient concentration of CO2. The content of the enzyme and 
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therefore, its activity is under the fine regulation at the level of transcription and/or 
translation (Okabe et al, 1980). However, either of these processes was favoured by 
the lO'^ M of SA that increased the activity of CA (Table 23) probably by delaying the 
degradation of mRNA responsible for synthesis of CA as was reported earlier by 
Hayat et al (2005). The increased CA activity in the leaves is naturally expected to 
increase the photosynthetic efficiency and thereby the PN (Table 25; Everson, 1970) 
by maintaining the constant supply of CO2 for reduction by Rubisco (Okabe et al, 
1980). The increased photosynthesis is naturally expected to increase the growth of 
plants which was reflected in the form of increased in length, fresh and dry mass of 
root and shoot per plant (Figure 5). The higher concentration of SA however, might 
have resulted in a permanent change at the level of membrane organization of the 
cells that proved injurious for plant's general metabolism and thereby reducing its 
overall growth and photosynthetic attributes (Figure 5; Tables 23-25) which is ftirther 
supported by the findings of Uzunova and Popova (2000). 
The appUcation of lower concentration of SA elevated the activity of 
antioxidative en2ymes viz. CAT, POX and SOD (Tables 26-27) which is also 
supported by the findings of Yang et al (2004). This increase in the activity of 
antioxidative enzymes might be due to the regulatory role of SA at the level of 
transcription and/or translation (Hayat et al., 2010). According to Hong et al. (2000) 
proline is synthesized by the enzyme A-pyrroline-5-carboxylate synthetase (A-P5CS) 
and A-pyrroline-5-carboxylate reductase (A-P5CR) and is subsequently metabolized 
by the enzyme proline dehydrogenase (Pro DH). The genes responsible for the 
transcription of these proteins are imder the regulatory control of SA (Hayat et al, 
2008). Thus the exogenous application of the lower concentration of SA resulted in 
the increase in endogenous proline level (Table 27) by acting at the level of genes (El-
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Tayeb, 2005). This increased concentration of solute (proline) causes the increased 
uptake of water thereby increasing the leaf water potential (Table 27). 
The sequence that leads to the establishment of nitrogen fixing mature nodules 
begins with the infection thread formed by the joint action of bacteria and host, which 
is somehow activated by phytohormones (Dart, 1977; Hopkins, 1995). This is also 
supported by the observed increase in the nodulation and nodule mass in Cajarms 
cajan and Vigna sinensis (Singh and Kumar, 1989), mung bean plants (Ali, 2006) and 
maize (Krol, 1997) supplemented with auxins. Similarly pea (Nandwal and Bharti, 
1982) and groundnut (Bishnoi and Krishna, 1970) exhibited a higher nitrogen fixing 
ability due to cytokinin. Brassinosteroids, another class of phytohormones also 
affected the nodulation and nitrogen fixation in groimdnut (Vardhini and Rao, 1999) 
and chickpea (Ali et ah, 2007b). It gives an impression that chemicals belonging to 
various groups of phytohormones have an inherent characteristics to activate the 
process of symbiotic association between the host and bacteria by favouring an 
increase in the nimiber of nodules and their mass. Likewise, exogenous application of 
SA favours the legame-Rhizobium symbiosis (Hayat et al., 2010) thereby leading to 
the enhanced establishment and development of nodules which is expressed in terms 
of increased number, fresh and dry mass of nodules (Figure 6). The phenolic 
compounds are known to possess the chelating properties and prevent auxin 
degradation (Schneider and Whitman, 1974) and auxins are known to increase the 
leghemoglobin content (Hayat et al., 2009). This is in conformity with the observed 
increase in nodule leghemoglobin content (Figure 6). The healthy nodule 
development and increased leghemoglobin content will obviously lead to increased 
activity of nitrogenase (Table 19), an oxygen labile enzyme which is protected by 
leghemoglobin. All these processes together bring about an efficient nitrogen fixation 
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expressed in terms of increased nitrogen content (Table 22). The nitrogen fixed in the 
form of ammonia is acted upon by the enzymes like GDH, GS, and GOGAT whose 
activity might be increased by lower concentration of SA (Tables 20-21) through the 
involvement of auxins, as auxins are known to enhance the activity of GS, GOGAT 
and GDH (Hayat et al., 2009). 
Cadmiirai causes multiple direct and indirect effects on plant growth and 
metabolism (Hasan et al., 2009) by forming complexes with O, N and S ligands (Van 
Assche and Clijsters, 1990). It interferes with mineral uptake (Yang et al., 1998; 
Zhang et al., 2002; Kim et al., 2003; Shukla et al., 2003; Drazic et al., 2004) protein 
metabolism (Tamas et al., 1997) membrane functioning (Quariti et al., 1997; Azevedo 
et al., 2005) water relations (Kastori et al., 1992) and seed germination (Iqbal and 
Siddiqui, 1992). Cadmium inhibited net photosynthesis in Zea mays (Bazzas et al., 
1974); Cajanus cajan (Sheoran et al., 1990) and Phaseolus vulgaris (Krupa et al, 
1993), O2 evolution in Anacystis nedulens and photosystem II (PS II) in isolated 
chloroplasts of maize and spinach (Bazzas et al, 1974). Moreover, they cause 
metabolic disturbance by altering essential biochemical reactions (Krupa, 1988; 
Hermens et al, 2004; Epstein and Bloom, 2005). 
In the present study, exposure of plants to increasing concentration of Cd 
resulted in reduction of growth characteristics which is reflected in the form of 
decrease in length, fresh and dry mass of root and shoot per plant (Figure 1). The 
probable reason for this decrease might be that Cd becomes associated with the cell 
wall and middle lamellae, which increases the cross linking of pectins and results in 
the inhibition of cell growth (Poschenreider et al, 1989). However the follow-up 
treatment with lower concentration of proline and SA, either individually or in 
combination, improved the grovrth of plants expressed in terms of increased length. 
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fresh and dry mass of root and shoot per plant (Figures 1, 7, 9 and 11) where 
cumulative effect of S A and proline was found to be more effective in enhancing the 
growth characteristics (Figure 11). In view of some earlier reports, it is suggested that 
application of the lower concentration of proline increases the endogenous proline 
content under the heavy metal stress conditions which not only protects enzymes 
(Khedr et al., 2003), 3-D structure of proteins (Schobert, 1977; Paleg et al., 1981), 
organelle and cell membranes by reducing the lipid peroxidation (Okuma et al., 2004) 
but also supplies energy for growth and survival, thereby helping the plant to tolerate 
stress (Chandrashekhar and Sandhyarani, 1996; Hoque et al., 2007; Ashraf and 
Foolad, 2007) thereby enhancing grov l^h characteristics (Figure 7). Spraying of Cd 
fed plants with lower concentration of SA also resulted in enhanced growth 
characteristics (Figure 9) which may be due to the fact that SA acts at the level of 
transcription and/or translation thereby increasing the activity of various enzymes 
necessary for growth of plants (Fariduddin et al., 2003; Hayat et al., 2008; Yusuf e/ 
al., 2008; Hayat et al., 2010). The enhanced growth xmder cumulative effect of proline 
and SA might be due to their fine regulation at different points of plant machinery. 
This cumulative effect of proline and SA in enhancing growth of plants is fiirther 
supported by the findings of Hussain et al (2009), where SA in combination with 
glycine betaine (another osmolyte exhibiting similar role as that of proline) also 
showed pronounced growth. Cd brings about the closure of stomata by decreasing the 
partial pressure of CO2 in the stroma (Barcelo mid Poschenreider, 1990) which 
becomes a direct cause of reducing the gs, Cj, WUE and E (Tables 5-6). Further, Cd is 
known to enhance the activity of enzyme chlorophyllase that brings about the 
degradation of chlorophyll (Reddy and Vora, 1986) and also declines the synthesis of 
5-amino-levulinic acid and protochlorophyllide reductase complex (Stobart et al.. 
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1985; Gadallah, 1995) leading to decreased pigment concentration (Larsen et al, 
1998) ultimately decreasing the net photosynthetic rate (Table 7). These results are in 
conformity with others (Hayat et al, 2007; Hasan et a/., 2008). The reduced 
photosynthesis in Cd treated plants might also be due to the reduced activity of CA 
(Table 5). The reported decrease in the activity of CA by Cd is in agreement with 
other (Hayat et al., 2007; Hasan et al, 2008). The activity of this enzyme is largely 
determined by photon flux density, concentration of CO2, the availability of Zn 
(Tiwari et al, 2005) and the genetic expression (Kim et al, 1994). The stress 
generated by Cd decreases the partial pressure of CO2 in the stroma by inducing the 
stomatal closure (Barcelo and Poschenreider, 1990) resulting in the loss of CA 
activity. However the follow-up treatment of Cd stressed plants with lower 
concentration of proline and/or SA resulted in enhanced CA activity and thereby PN. 
Proline is a well known osmoprotectant which protects the plants against stress by 
stabilizing the complex II electron transport (Hamilton and Heckanthom, 2001), 
membranes and 3-D structure of proteins (Mansour, 1998; Mc Neil et al, 1999; 
Holmstrom et al, 2000) and enzymes such as Rubisco and CA (Makela et al, 2000) 
thereby increasing photosynthetic attributes (Tables 32-34). 
Spraying of Cd treated plants with lower concentration of S A also resulted in 
an increased activity of CA (Table 42). Similar results were obtained by Hasan et al 
(2008) who reported that SA is involved in the transcription and/or translation that 
may generate a significant impact on the activity of CA. Exogenous SA is also known 
to increase pigment concentration (Yusuf et al, 2008), activate Rubisco and PEP 
carboxylase (Singh and Usha, 2003). The improvement of all these characteristics 
ultimately increased PN (Table 44). The application of proline and SA in combination 
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to the Cd stressed plants might have imparted additive effects on CA (Table 42) and 
photosynthetic attributes (Tables 42-44). 
The foliage of the plants exposed to Cd stress exhibited a decline in the 
activity of NR (Table 3). This may be an inhibition and/or metabolic dysfunction of 
the enzyme protein (Hopkins, 1995). Moreover, the metal also had a negative impact 
on the activity of plasma membrane bound ATP proton pump (Obata et al., 1996) and 
the fluidity of membranes (Meharg, 1993), thereby restricting the uptake of nitrate, an 
inducer of NR (Hernandez et al., 1996; Campbell, 1999) thereby decreasing the 
nitrate content in roots (Table 3) and consequently the activity of NR (Table 4). As 
discussed earlier, both proline and SA prevent auxin degradation under stress, 
therefore, enhance the activity of NR (Tables 31, 41) which is promoted by auxins 
(Ahmad and Hayat, 1999; Hayat et al., 2009) and this activity is naturally expected to 
be much higher under the cimiulative effect of proline and SA (Table 51). Further, 
both proline and SA elevate the endogenous proline level that provides a high degree 
of tolerance to plants, a very good question arises that if both SA and proline increase 
the endogenous proline level, then why does't their cumulative effect result in 
elevation of endogenous proline level to the toxic level? A probable explanation for 
this question comes from the studies of Hare and Cress (1997) and Hare et al. (1998) 
who reported that proline level increases to overcome stress and when the stress is 
over, the breakdown of proline provides sufficient reducing agents to support 
mitochondrial oxidative phosphorylation and generation of ATP that supports the 
plant in recovering rapidly fi-om stress. The response to increased photosynthesis, NR 
activity, an enhanced growth is likely to occur in response to exogenous proline 
and/or SA which is expressed in tenns of increased length of root and shoot per plant, 
fresh and dry mass per plant (Figures 7, 9,11). 
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Cadmium is known to decrease nodulation (Rana and Ahmad, 2002) by 
affecting the establishment of symbiosis between host and Rhizobium, thereby 
decreasing nodulation expressed in terms of decreased number, fresh and dry mass of 
nodules (Figure 1) and ultimately reducing the activity of eniyme nitrogenase (Table 
1) and consequently total nitrogen content (Table 4). Cd stress is also known to 
induce nodule senescence (Balestrasse et al, 2004) thereby decreasing the nodulation 
(Figure 1) and leghemoglobin content (Figure 1) which protects the O2 labile enzyme 
nitrogenase, thereby decreasing its activity as well. The leghemoglobin breakdown 
might be a result of increased generation of ROS which is a characteristic feature of 
Cd toxicity (Balestrasse et al., 2004). The increasing concentration of Cd in soil 
inhibits the activity of the enzymes of nitrogen assimilation GS, GOGAT and GDH 
(Tables 2-3) either by interfering the transcription and/or translation (Prasad, 1995) or 
through the increased generation of ROS (Hasan et al., 2008). However, the follow-up 
treatment with proline (Tables 29-30) or SA (Tables 39-40) or both (Tables 49-50) 
resulted in enhanced activity of these enzymes which may be due to the ROS 
scavenging potential of proline (Cuin and Shabala, 2007) and/or of SA (Hayat et al, 
2010) through enhancing the activity of antioxidative enzymes i.e CAT, POX and 
SOD and the endogenous level of proline (Tables 35, 36, 45, 46, 55, 56). These 
results are further supported by previous findings where exogenous proline (Zhang et 
al, 1995; Garcia-Rios et al, 1997; Santos et al, 1996) or SA (Hayat et al, 2008, 
Yusuf e/ al, 2008) or in combination elevated the free proline content and the activity 
of the antioxidative enzymes (CAT, POX and SOD) by acting at the level of 
transcription and/or translation, thereby preventing the oxidative damage to plants in 
general and nodules in particular and increasing the nodule number, their fresh mass 
and dry mass along with increase in leghemoglobin content (Figures 8, 10, 12) in the 
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Cd stressed plants. All these modifications under the influence of exogenous proline 
and/or SA will obviously result in increased nitrogenase activity (Tables 28, 38, 48). 
Since, Cd causes membrane degradation by increasing the lipid peroxidation, thereby 
leading to significant electrolyte leakage (Yusuf e/ al, 2008), that is obvious to resuh 
in lowering of leaf water potential (Table 9). However, the follow-up treatment with 
proline (Table 36), SA (Table 46) or both (Table 56) enhanced the leaf water potential 
by protecting the membranes fi-om metal induced oxidative damage (Okuma et al, 
2004; Mehta and Gaur, 1999; Zhou et al, 2009; Hayat et al, 2007) thereby 
decreasing the electrolyte leakage and increasing the leaf water potential. 
The enhanced photosynthesis, efficient nitrogen fixation and assmiilation will 
definitely increase the growth characteristics (Figures 7, 9, 11) under the influence of 
proline and/or SA which was reduced due to Cd exposure (Figure 1, Hasan et al, 
2008). This increased growth under the influence of exogenous proline and/or SA is 
likely to increase the yield characteristics (Tables 37, 47, 57). The plausible reason for 
increasing the crop yield might be due to delayed senescence of plant organs 
(particularly leaves and flowers) in response to exogenous proline (Balestrasse et al, 
2004) and/or SA (Imran et al, 2007) that will automatically help the plant in extending 
the duration of photosynthetically active sites and also prevent the premature loss of 
flowers and fixiits. This consequently resulted in the observed increase in the number of 
pods per plant (Tables 37, 47, 57). It gets additional support fix)m the observations of 
Marschner (2003) that phytohormones increase the degree of sink at the level of seeds, 
directing the flow of metabolites to the developing seeds consequent to an improvement 
in the seed mass (Tables 37, 47, 57) and seed yield per plant at harvest (Tables 37, 47, 
57). The effect of exogenous proline and/or salicylic acid on the cadmium mduced 
changes in plants is illustrated diagrammatically in plate III. 
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CONCLUSION 
The following conclusions are drawn from the present study: 
1. Out of three different concentrations (25, 50 or 100 mg per kg of soil) of 
Cd, 100 mg proved to be most toxic whereas, 25 mg Cd did not generate 
any significant difference. 
2. All the morphological and photosynthetic parameters decreased 
significantly with increasing concentration of Cd in the soil. 
3. The activity of enzymes (NR, CA, Nitrogenase, GS, GOGAT and GDH) 
decreased significantly with the increasing concentration of the metal in 
soil. 
4. The activity of antioxidative enzymes (CAT, POX and SOD) and the 
proline content showed an increase with the increasing concentration of Cd 
in soil. 
5. Out of the various concentrations (10, 20, 30,40 or 50 mM) of proline, 20 
mM proved to be the best. 
6. Out of the various concentrations (10"^ , 10"^  or 10"^ M) of salicylic acid, 10' 
^M generated the best response. 
7. Foliar application of 20 mM of proline to the Cd treated plants decreased 
the negative effects generated by the metal. 
8. All the morphological and photosynthetic parameters increased 
significantiy when 20 mM proline was applied exogenously to the foliage 
of the plants exposed to various doses of Cd which successfully alleviated 
the adverse effects generated by 25 or 50 mg of Cd. 
I l l 
9. The activity of enzymes (NR, CA, Nitrogenase, GS, GOGAT and GDH) 
increased significantly in the Cd stressed plants sprayed with 20 mM 
proline. 
10. The activity of antioxidative en2ymes (CAT, POX and SOD) and the 
proline content in the Cd fed plants increased further with foliar spray of 
20 mM proline. 
11. All the morphological and photosynthetic parameters increased 
significantly when lO'^ M of SA was applied exogenously to the foliage of 
the plants treated with Cd. 
12. Foliar application of lO'^ M of SA to the Cd treated plants alleviated 
completely the negative effects generated by the metal. 
13. Foliar application of the Cd treated plants with lO'^ M of SA resulted in a 
significantly enhanced activity of the enzymes of nitrogen fixation and 
assimilation (Nitrogenase, NR, GS, GOGAT and GDH) and also the 
activity of CA. 
14. The activity of various antioxidative enzymes (CAT, POX and SOD) and 
the endogenous proline content in the Cd fed plants increased further upon 
exogenous application of 10"^ M of SA. 
15. However, foliar application of 20 mM proline and 10"^ M of SA showed an 
additive effect thereby resulted in an improved growth and physiological 
characteristics. 
16. Treatment of Cd stressed plants with proline and SA, either alone or in 
combination, resulted in significantly enhanced yield characteristics. 
Chapter - 6 
SUMMARY 
SUMMARY 
This thesis is based on the following five chapters. 
Chapter 1, includes the significance of the problem entitled, "Effect of proline 
and salicylic acid on the cadmium induced changes in chickpea (Cicer arietinum L.)". 
Chapter 2, represents a comprehensive review of the available literature, related 
with the above problem, pertaining to growth, metabolism, and yield characteristics of 
the plants. 
Chapter 3, explains the details of the materials and methods employed in 
conducting the experiments and chemical analysis of the biological material. 
Chapter 4, is comprised of the data, recorded during the study, and its brief 
description. 
Chapter 5, deals with the possible explanations for the observations, in the light 
of the earlier findings. 
The salient features of the observations, recorded in each of the six 
experiments, are summarized below: 
Experiment 1 
This experiment was prepared to study the effect of varying doses of cadmium 
on chickpea. At the start of the experiment, each set of pots was supplemented with 
different doses of cadmium (0, 25, 50 or 100 mg per kg of soil) in the form of CdCli. 
The surface sterilized seeds were inoculated with a imiform layer of Rhizobium ciceri 
and were sown in these earthen pots (25x 25 cm) filled with sandy loam soil mixed 
with farmyard manure, in a ratio of 6:1. A uniform basal dose of inorganic fertilizers 
(urea, single superphosphate and muriate of potash) were added at the rate of 40 mg, 
138 mg and 26 mg respectively, per kg of the soil to each pot to maintain the fertility 
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of soil. The pots were arranged in a randomized block design technique, in the net 
house of Department of Botany, Aligarh Muslim University, Aligarh. The plant 
samples were collected at 60 and 90 DAS to assess various growth characteristics, 
nodulation, enzyme activities (nitrogenase, GS, GOGAT, GDH, NR, CA, CAT, POX 
and SOD), photosynthetic attributes, contents of proline, carbohydrate and nitrogen 
and leaf water potential. All the above parameters except antioxidant enzymes and 
proline content, showed a significant decrease in response to the Cd treatment where 
maximum damage was caused at a Cd concentration of 100 mg per kg of soil. 
However, Cd treatment resulted in a significant increase in the activity of 
antioxidative enzymes (CAT, POX and SOD) and proline content. The values further 
increased with the increasing concentration of metal. 
Experiment 2 
This experiment was prepared with an aim to study the effect of different 
concentrations (0, 10, 20, 30, 40 or 50 mM) of proline on chickpea. All the 
agricultural practices including the dosage of inorganic fertilizers were same as in 
Experiment 1. At the stage of 30 DAS, the resulting plants were sprayed with DDW 
(control), 10 mM, 20 mM, 30 mM, 40 mM or 50 mM of proline. The plant samples 
were collected at 60 and 90 DAS to assess various growth characteristics, nodulation, 
enzyme activities (nitrogenase, GS, GOGAT, GDH, NR, CA, CAT, POX and SOD), 
photosynthetic attributes, contents of proline, carbohydrate and nitrogen and leaf 
water potential. Out of the various concentrations of proline tested, lower 
concentration (20 mM) proved to be most effective. All the above parameters 
experienced a significant increase under the influence of the exogenous application of 
20 mM proline. 
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Experiment 3 
This experiment was prepared with an objective to study the effect of different 
concentrations (10"* M, 10^ ^ M or 10"^  M) of SA on chickpea. All the agricultural 
practices including the dosage of inorganic fertilizers were same as in Experiment 1. 
At the stage of 30 DAS, the resulting plants were sprayed with DDW (control), 10"^  
M, 10"^  M or 10"^  M of SA. The plant samples were collected at 60 and 90 DAS to 
assess various growth characteristics, nodulation, en2yme activities (nitrogenase, GS, 
GOGAT, GDH, NR, CA, CAT, POX and SOD), photosynthetic attributes, contents of 
proline, carbohydrate and nitrogen and leaf water potential. Out of the various 
concentrations of SA, lower concentration (10'^  M) proved to be the best resuhing in a 
significant increase in the aforesaid parameters. 
Experiment 4 
This experiment was prepared with an objective to elucidate the effect of 
exogenous proline on the Cd induced changes in chickpea. At the start of this 
experiment, five sets of earthen pots (25x 25 cm) were filled with an eqvial quantity of 
sandy loam soil mixed with farmyard manure, in a ratio of 6:1. All the agricultural 
practices including the dosage of inorganic fertilizers were same as in Experiment 1. 
Out of these five sets of prepared pots, four sets were supplemented with different 
doses (0, 25, 50 or 100 mg per kg of soil) of Cd, respectively and one set of pots was 
left untreated serving as control. At the stage of 30 DAS, the foliage of the resulting 
plants was sprayed with 20 mM proline, except control which received DDW instead 
of proline. The plant samples were collected at 60 and 90 DAS to assess various 
growth characteristics, nodulation, enzyme activities (nitrogenase, GS, GOGAT, 
GDH, NR, CA, CAT, POX and SOD), photosynthetic attributes, contents of proline, 
carbohydrate and nitrogen and leaf water potential. The exogenous application of 20 
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mM proline alleviated the adverse effects generated by Cd (25 or 50 mg per kg of 
soil) which was expressed in terms of the increase in aforesaid parameters. The 
mature plants were harvested after 150 DAS to assess the yield characteristics. The 
exogenous proline treatment proved to be beneficial in improving the yield 
characteristics of the plants exposed to Cd stress of 25 or 50 mg per kg soil. 
Experiment 5 
This experiment was prepared with an objective to elucidate the effect of 
exogenous SA on the Cd induced changes in chickpea. At the start of this experiment, 
five sets of earthen pots (25x 25 cm) were filled with an equal quantity of sandy loam 
soil mixed with farmyard manure, in a ratio of 6:1. Out of these five sets of pots, four 
sets were supplemented with different doses (0, 25, 50 or 100 mg per kg of soil) of 
Cd, respectively while one set was left untreated, serving as control. At the stage of 30 
DAS, the foliage of the resulting plants was sprayed with 10"^  M of SA, except the 
control set which received DDW instead of SA. The plant samples were collected at 
60 and 90 DAS to assess various growth characteristics, nodulation, enzyme activities 
(nitrogenase, GS, GOGAT, GDH, NR, CA, CAT, POX and SOD), photosynthetic 
attributes, contents of proline, carbohydrate and nitrogen and leaf water potential. The 
exogenous application of 10"^  M of SA completely alleviated the adverse effects 
generated by Cd and resulted in an increase in the above mentioned parameters over 
their respective controls. The plants were harvested after 150 DAS to assess the 
various yield characteristics. The SA treatment completely alleviated the ill effects 
generated by Cd and resulted in a significant increase in yield characteristics as well. 
Experiment 6 
This experiment was prepared with an objective to elucidate the interactive 
effect of the exogenous application of proline (20 mM) and SA (10"^  M) on the Cd 
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induced changes in chickpea. At the start of this experiment, five sets of earthen pots 
(25x 25 cm) were filled with an equal quantity of sandy loam soil mixed with 
farmyard manure, in a ratio of 6:1. All the agricultural practices including the dosage 
of inorganic fertilizers were same as in Experiment 1. Out of these five sets of 
prepared pots, four sets were supplemented with different doses (0, 25, 50 or 100 mg 
per kg of soil) of Cd, respectively while one set was left untreated, serving~as control. 
At the stage of 29 DAS, the foliage of the resulting plants was sprayed with 20 mM 
proline, except the control set which received DDW instead of proline and at 30 DAS 
the plants were sprayed with 10"^  M of SA, except the control set which received 
DDW instead of SA. The plant samples were collected at 60 and 90 DAS to assess 
various growth characteristics, nodulation, enzyme activities (nitrogenase, GS, 
GOGAT, GDH, NR, CA, CAT, POX and SOD), photosynthetic attributes, contents of 
proline, carbohydrate and nitrogen and leaf water potential. The exogenous 
application of 20 mM proline and 10"^  M of SA exerted an additive effect and 
completely alleviated the adverse effects generated by Cd resulting in a significant 
increase in the above mentioned parameters. The increase was also expressed in the 
yield characteristics of the plants at harvest (150 DAS). 
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APPENDIX 
APPENDIX 
1 Preparation of reagents for leghemoglobin estimation 
1.1 Sodium phosphate buffer (pH 7.4) 
It was prepared by separately dissolving 13.9 g of NaH2P04 and 26.82 g of 
Na2HP04 in sufficient DDW to make the volume of each solution to 1000 ml. 
These solutions were mixed in the ratio of 19:81, respectively. 
1.2 Alkaline pyridine reagent 
It was prepared by dissolving 0.8 g of NaOH in 50 ml of DDW and allowed to 
cool. 33.8 ml of pyridine was added to it and diluted to 100 ml with DDW. 
This produced 4.2M pyridine in 0.2M NaOH. 
2 Preparation of reagents for carbohydrate estimation 
2.1 I.5NH2SO4 
40.8 ml of concentrated H2SO4 (AR) was pipetted into sufficient DDW and 
final volume was made upto 1000 ml, using DDW. 
2.2 5% phenol 
50 g of distilled phenol was dissolved in sufficient DDW and final volume 
was made upto 1000 ml by DDW. 
3 Reagents for estimation of GS activity 
3.1 Grinding medium 
3.1.1 O.IM Potassium phosphate buffer 
27.2 g of KH2PO4 and 45.63 g of K2PO4.7H2O were dissolved separately in 
1000 ml of DDW. The above solutions of KH2PO4 and K2HPO4.7H2O were 
mixed in the ratio of 16:84. This produced a phosphate buffer of pH 7.4 raise 
the pH to 7.8 by adding KOH solution. 
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3.1.2 0.4M sucrose 
I3.68g of sucrose was dissolved in sufficient DDW and final volume was 
maintained upto 100 ml. 
3.1.3 lOmMDTT 
0.15 g of Dithiothreitol (DTT) was dissolved in sufficient DDW and final 
volume was made upto 100 ml. 
3.1.4 lOmMKCl 
0.074 g of KCl was dissolved in sufficient DDW and final volume was 
maintained upto 100 ml. 
3.1.5 ImMMgCh 
0.020 g of MgCb was dissolved in siifiFicient DDW and final volume was 
maintained upto 100 ml. 
3.1.6 lOmMEDTA 
0.292 g of EDTA was dissolved in sufficient DDW and final volume was 
maintained upto 100 ml. 
3.2 Reagents for enzyme assay 
3.2.1 50 mM Tris-maleate buffer 
It was prepared by diluting the stock of IM Tris-maleate buffer which was 
prepared as: 
(A) 24.2 g of Tris (Hydroxymethyl) aminomethane plus maleic acid (23.2 g) were 
dissolved in sufficient DDW and volume was maintained upto 1000 ml. 
(B) 0.2M NaOH: Dissolve 0.8 g NaOH in 100 ml DDW. Mix 50 ml of A with 56 
ml of B and dilute it to 200 ml using DDW. 
I l l 
3.2.2 67 mM Hydroxylamine 
It was prepared by diluting the stock of 100 mM hydroxylamine which was 
prepared by dissolving 0.69 g of Hydroxylamine in sufficient DDW and final 
volume was made upto 100 ml. 
3.2.3 80 mM L-Glutamine 
It was obtained by diluting the stock of 0.1 M L-glutamine which was prepared 
by dissolving 1.46 g of L-glutamine in sufficient DDW and final volume was 
made upto 100 ml. 
3.2.4 SmMATP 
It was prepared by diluting the stock of 10 mM ATP which was prepared by 
dissolving 0.551 g of ATP in sufficient DDW and final volume was made upto 
100 ml. 
3.2.5 4mMEDTA 
It was prepared by diluting the stock of 20 mM EDTA which was prepared by 
dissolving 0.584 g of EDTA in sufficient DDW and final volume was 
maintained upto 100 ml. 
3.2.6 33mMMgCl2 
It was prepared by diluting the stock of 50 mM MgCh which was prepared by 
dissolving 1 g MgCl2 in sufficient DDW and final volume was made upto 
100 ml. 
3.3 FeCls mixture 
10 g Trichloroacetic acid and 8g FeCb were dissolved in 250 ml of 0.5N HCl. 
0.5N HCl was prepared by pipetting 1 ml of pure HCl in sufficient DDW and 
final volume was made upto 250 ml. 
IV 
4 Reagents for the estimation of GOGAT and GDH activity 
4.1 Extraction medium 
4.1.1 Preparation ofO. 05M Tris-HCl buffer (pH 7.5) 
(A) 12.12 g of Tris (Hydroxymethyl) aminomethane was dissolved in 
sufficient DDW and final volume was maintained upto 1000 ml. 
(B) 0.42 ml of HCl was pipetted in sufficient DDW and final volume was 
made upto 100 ml. 
50 ml of A was mixed with 40 ml of reagent B and final volume was 
maintained upto 100 ml. 
4.1.2 0.4M sucrose 
13.68 g of sucrose was dissolved in sufficient DDW and final volume was 
maintained upto 100 ml. 
4.1.3 O.OIM P-mercaptoethanol 
0.68 ml of P-mercaptoethanol was pipetted into sufficient DDW and final 
volume was made upto 100 ml. 
4.2 Reagents for enzyme assay 
4.2.1 O.IM Tris-HCl buffer (pH 7.5) 
(A) l.Al g of Tris (Hydroxymethyl) aminomethane was dissolved in 
sufficient DDW and final volume was made upto 100 ml. 
(B) 1.6 ml of HCl was pipetted into sufficient DDW and final volume was 
maintained upto 100 ml. 50 ml of (A) was mixed with 40 ml of (B) and 
final volume was made upto 100 ml. 
4.2.2 0.3M L-Glutamine 
4.38 g of L-glutamine was dissolved in sufficient DDW and final volume was 
made upto 100 ml. 
4.2.3 0.33M 2-oxoglutarate 
4.82 g of 2-oxoglutarate was dissolved in sufficient DDW and final voliime 
was made upto 100 ml. 
4.2.4 ICr^MNADH 
0.0709 g of NADH was dissolved in sufficient DDW and final volume was 
maintained upto 100 ml. 
4.3 3MNH4CI 
15.9 g of NH4CI was dissolved in sufficient DDW and final volume was made 
upto 100 ml. 
5 Reagents for nitrate estimation 
5.1 2% Acetic acid 
Add 2 ml of acetic acid in 98 ml DDW. 
5.2 Powder mixture 
Prepare a powder mixture consisting of 37 g of citric acid, 5 g of manganese 
sulphate monohydrate, 2 g of sulphanilamide, 1 g of N-1-Nephthylene 
Diamine dihydrochloride and 1 g of finely powdered zinc. Grind and mix 
these reagents to form the powder mixture. 
Note: Grind citric acid first and then add other chemicals one by one and 
grind. 
6 Reagents for nitrogen estimation 
6.1 2.5NNaOH 
5 g of NaOH was dissolved in sufficient DDW and final volume was 
maintained upto 100 ml. 
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6.2 10% sodium silicate 
10 g sodium silicate was dissolved in 100 ml DDW. 
7 Preparation of reagents for NRA 
7J 0.1MPhosphate buffer (pH 7.4) 
111 g of KH2PO4 and 45.63 g of K2HPO4.7H2O were dissolved separately in 
1000 ml of DDW. The above solutions of KH2PO4 and K2HPO4.7H2O were 
mixed in the ratio of 16:84. 
7.2 O.2MKNO3 
20.2 g of KNO3 was dissolved in sufficient DDW and final volume was made 
upto 1000 ml, using DDW. 
7.3 5% Isopropanol 
5 ml of Isopropanol was pipetted into sufficient DDW and final volume was 
made upto 100 ml, using DDW. 
7.4 1% sulphanilamide 
1 g of sulphanilamide was dissolved in 100 ml of 3N HCl. 3N HCl was 
prepared by dissolving 25.86 ml of HCl in sufficient DDW and final volume 
was maintained to 100 ml, by using DDW. 
7.5 0.02% N-1'Nephthyl-ethylenediamine dihydrochloride (NED-HCl) 
20 mg of NED-HCl was dissolved in sufficient DDW and final volimie was 
made upto 100 ml, by using DDW. 
8 Preparation of reagents for the estimation of carbonic anhydrase activity 
8.1 Cystein hydrochloride solution 0.2M 
48 g cystein hydrochloride was dissolved in sufficient DDW and final volume 
was made upto 1000 ml, by using DDW. 
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8.2 Sodium Phosphate buffer 
27.8 g NaH2P04 and 53.65g Na2HP04 was dissolved each separately in 
sufficient DDW and final volume was made 1000 ml. 51 ml of NaH2P04 and 
49 ml of Na2HP04 were then mixed to get the required solution. 
8.3 Alkaline sodium bicarbonate solution 
16.8 g sodium bicarBonate (NaHCOa) was dissolved in aqueous 0.2M NaOH 
solution [0.8g NaOH (1000 ml)'^ ] and final volume was made upto 1000 ml, 
by using DDW. 
8.4 0.002% bromothymol blue 
0.002 g of bromothymol blue was dissolved in sufficient DDW and final 
volume was made upto 1000 ml by using DDW. 
8.5 0.5NHa 
4.3 ml of pure HCl was pipetted in sufficient DDW and final volume was 
made upto 1000 ml, by using DDW. 
8.6 Methyl red indicator 
5 mg of methyl red was dissolved in sufficient ethanol and final volume was 
made 100 ml, using ethanol. 
9 Reagent for peroxidase estimation 
9.1 Pyrogallolphosphate buffer 
It was prepared by mixing 25 ml of pyrogallol in 75 ml phosphate buffer 
(pH6). 
10 Reagents for catalase estimation 
10.1 Phospahte buffer (0.1M)forpH 6.8 
3.54 g of Na2HP04 was dissolved in 100 ml of DDW and 3.72 g of NaH2P04 
was added to 100 ml of DDW. To this 12.3 ml of Na2HP04 was added to 87.7 
ml of NaH2P04. 
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10.2 H2O2 (0.1 M) 
0.34 ml of H2O2 was added to 100 ml of distilled water. 
10.3 Sulphuric acid H2SO4 (2%) 
2 ml of H2SO4 was added to 98 ml of DDW. 
10.4 O.INpotassium permanganate 
This was made by dissolving 0.162 g of KMn04 in 500 ml of distilled water. 
11 Reagents for superoxide dismutase 
11.1 Phosphate buffer (50 mM)forpH 7.8 
It was prepared by mixing 1.78 g Na2HP04 and 1.56 g of NaH2P04 in 100 ml 
of DDW separately and mixing 91.5 ml of Na2HP04 with 8.5 ml of NaH2P04. 
11.2 Methionine (13 mM) 
It was prepared by dissolving 0.193 g of methionine in 100 ml of DDW. 
11.3 Nitrobluetetrazelium (NBT) (75 fiM) 
6.13 mg of NBT was dissolved in 100 ml of DDW. 
11.4 Riboflavin (2mM) 
0.732 mg of riboflavin was dissolved in 100 ml of DDW. 
11.5 EDTA (O.IM) 
2.92 g EDTA was dissolved in 100 ml of DDW. 
12 Preparation of reagents for proline estimation 
12.1 Sulphasalicylic acid (3%) 
3g of sulphasalicylic acid was dissolved in sufficient DDW and final volume 
was maintained to 100 ml, by using DDW. 
IX 
12,2 Acid ninhydrin solution 
1.25 g of ninhydrin was dissolved in a mixture of warm, 30 ml of glacial 
acetic acid and 6M phosphoric acid (pH 1.0) with agitation till it got dissolved. 
It was stored at 4°C and used within 24 h. 
The 6M phosphoric acid was prepared by mixing 11.8 ml of phosphoric acid 
with 8.2 nj of DDW. 
13 Preparation of reagents for protein estimation 
13.1 Trichloroacetic acid (TCA) (5%) 
5 ml of TCA was mixed with 95 ml of DDW. 
13.2 INNaOH 
40 g of NaOH was dissolved in sufficient DDW and final volume was made 
upto 1000 ml, by using DDW. 
13.3 Preparation of reagent C 
Reagent A: 2% sodium carbonate (2g dissolved in 100 ml DDW) and O.IN 
NaOH (4 g NaOH dissolved in 1000 ml) were mixed in the ratio 1:1. 
Reagent B: 0.5% copper sulphate (500 mg CUSO4 dissolved in 100 ml) and 
1% sodium tartarate (1 g sodium tartarate dissolved in 100 ml DDW) were 
mixed in the ratio 1:1. 
Reagent C: 50 ml of reagent A was mixed with 1 ml of reagent B, except 
omission of sodium hydroxide. 
13.4 Folin 's phenol reagent (IN of an acid) 
The reagent obtained from Loba Chemie Pvt. Ltd. Mumbai, India was diluted 
with DDW in the ratio 1:2. 
